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Preface to Fourth Edition 


Fourteen years have elapsed since the third edition of this book 
was published. These have been eventful years, marked by tech- 
nologic advances in battery design and construction brought about 
in large measure by the stimulus of war conditions but equally impor- 
tant for the domestic economy. 

Previous editions were published in 1924, 1930, and 1940. A French 
translation of the second edition was published by Dunod in Paris 
in 1936. 

The first edition of this book laid emphasis on the scientific prin- 
ciples relating to storage batteries without permitting the text to 
become too highly technical. Physical and chemical properties of 
the materials employed in making batteries were discussed, and a 
general description of manufacturing processes was given. The theory 
of reactions and principles of operating storage batteries were followed 
by descriptions of the more important industrial applications. Suc- 
ceeding editions, including the present fourth edition, have followed 
the same general outline. They give a progressive account of the 
notable changes in methods of making and using batteries in this 
rapidly developing industry. 

The published literature on storage batteries is more extensive than 
is generally supposed, but the valuable papers are scattered and many 
are in foreign languages. An effort has been made to select the more 
important of these for mention in the text and copious footnotes of 
the present edition. * 

Some of the changes ^hat h|rye taken place in the battery industry 
since the third edition was^ published deserve mention: improved lead 
alloys to withstand corro^ic^nnereased use of lead-calcium alloys; 
increased use of the uncalcined high-metallic oxides; intensive studies 
of expanders; development of many new types of separators; increased 
use of plastic containers; production of nickel-cadmium batteries in 
this country; new types of silver oxide cells; application of batteries 
to radio-relay stations for long-distance telephony; battery installa- 
tions for Diesel starting on railroad locomotives; introduction of 
12-volt systems for automobile starting, lighting, and ignition; 24-volt 
and higher voltages for use on airplanes. 
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Preface to Fourth Edition 


To hold the book to approximately its previous size and to provide 
space for new material, it has been necessary to cut the less important 
matter rather drastically and to eliminate obsolete matter completely. 
I have, however, added to the historical discussion in the first chapter 
and added illustrations which I believe are of general interest. All 
chapters have been revised and some parts entirely rewritten. About 
half of the illustrations are new. 
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Introduction 


The storage battery is typically an electrochemical apparatus and 
as such must be discussed from three points of view. The first is 
chemical, involving the nature and properties of the materials used 
in its construction and the reactions that occur during charging and 
discharging. The second ;s physical, and this includes a study of the 
electrical input and output, the factors that affect the capacity, and 
the theory of the transformation of chemical energy into electrical 
energy, and vice versa. The third viewpoint is the practical one 
dealing with the engineering applications of storage batteries. There 
is no sharp line of demarkation among the chemical, physical, and 
engineering aspects, but a full discussion of all is necessary to an 
adequate understanding of the nature and performance of storage 
batteries. 

The scientific principles underlying the operation of storage batteries 
have now been so thoroughly investigated, both in the United States 
and abroad, that they may be presented with some degree of confidence. 
They serve as the groundwork for an intelligent study of batteries as 
they exist today and as a guide for the future development of the art. 


HISTORICAL DEVELOPMENT OF THE 
LEAD-ACID BATTERY 

The storage battery of today grew out of' the investigations of 
many early experimenters in the field of electrochemistry. Volta s 
discovery of the galvanic battery in 1800 initiated this line of research. 
Two years later, Gautherot^ discovered the polarization of platinum 
wires, produced by the passage of an electric ^ , 

which he used for studying the decomposition of water. He found 

SIS’ 1. 

francaise (1801), J. phys-, 56, 429 (1802)^ 
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that a feeble current was returned when he connected the wires 
after having disconnected the source of current. Ritter^ repeated 
Gautherot's experiment in 1803 and went a step farther. He con- 
structed small piles from plates of several metals, including gold and 
silver. Between the sheets of metal he placed moistened layers of 
cloth. He charged these piles with an electric current and obtained 
a discharge current from them after disconnecting the charging source. 
He thought that the piles stored electricity much as a capacitor does, 
because, like a capacitor, the pile had layers of metal of good con- 
ductivity alternating with layers of the poorly conducting cloth. 
Volta showed that this explanation was not correct and attributed the 
effect to the decomposition of water. 

Grove’s well-known gas battery^ was essentially a storage battery. 
Each cell consisted of a pair of glass tubes having coaxial electrodes of 
platinum which were scaled through the glass at the upper ends. 
One tube of each pair was partially filled with oxygen and the other 
with hydrogen. The electrolyte into which the open ends of the tubes 
were dipped was a solution of sulfuric acid. Grove found that the 
platinum in the hydrogen was positive to the platinum in the oxygen. 
The cells could produce electricity on discharge, or by the passage of 
a current from an external source through the cells the corresponding 
gases were produced. There was little use for storage batteries then 
and no good reason for using a considerable number of his cells to 
charge a smaller number of like cells. His battery is interesting, 
however, because of its remarkable reversibility. 

Other experimenters entered the field, but it remained for Plante 
to develop a valuable form of cell as a result of his study of the 
properties of metals for the accumulation of oxygen. 

In 1859 Plante^ began his study of electrolytic polarization. As a 
result of his experiments, he devised a battery for the storage of elec- 
trical energy, consisting of two sheets of lead separated by strips of 
rubber and rolled into the form of a spiral. The element thus formed 
was immersed in a dilute solution, about 10 per cent of sulfuric acid. 
He studied the charge and discharge of this simple cell and described 
it as storing the chemical work of the voltaic pile. He found it possible 

3J. W. Ritter, tlber Ladungsfahigkeit der Metalle elektrische Erdpolaritat, 
Gilbert's Ann., 15, 106 (1803) ; Experiences sur un appareil a charger d’electricit^ 
par la colonne electrique de Volta, J. phys., 67, 345 (1803). 

^ W. R. Grove, On the voltaic series and the combination of gases by platinum, 
PhU. Mag., Ill, U, 447 (1839), 91, 417 (1842). 

® G. Plante, Nouvelle pile secondaire d’une grande puissance, Compt. rend., 60, 
640 (1860) ; Recherches sur Velectridte, Gauthier-Villars, Paris, 1883, Chapter II, 
page 29. 
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to increase inateiially tlie capacity of the cell by a process that is now 
known as formation. After periods of cliarge, he discharged the 
cell or allowed it to rest for a time, during which local action trans- 
formed the covering of peroxide on the positive plate into lead sulfate. 



Fig. 1. The first lead-acid storage battery presented in 1860 to the French 
Academy of Sciences by Gaston Plante. 


From time to time he reversed the polarity and repeated the process 
of charge and discharge to build up the capacity of the cell. 

Planters first battery which he presented to the French Academy of 
Sciences in 1860 is shown in Fig. 1. At the time Plante was a young 
man of 26. The battery was remarkable for the large currents which 
it could deliver and in this respect was markedly superior to the then 
existing primary batteries. With this emphasis on large currents, it 
is not surprising that the nine cells were all connected in parallel. 
Plante describes it as having 10 square meters of active surface area. 

As compared with primary batteries, the new storage battery had 
the disadvantage of requiring much time for the fermation of the 
plates and the expenditure of many primary batteries to charge it. 
In 1873, however, Plante had a hand-driven Gramme generator with 
which to charge the battery, and he made an interesting experiment 
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illustrating the transformation of one form of energy into another. 
The mechanical energy of turning the crank produced electrical energy 
in the generator, and this in turn was transformed into chemical energy 
in the battery. When the battery was charged and cranking the 
generator was stopped, the units were left connected, and the generator 
ran as a motor. Chemical energy then became electrical energy, which 
the motor transformed back into mechanical energy. The cycle of 
transformations was thus completed. | 

Plante’s name has been perpetuated in connection with the storage 
battery by the so-called Plante plate. This type of p\ate, as distin- 
guished from the others, consists of a sheet of lead on which the active 
material is formed electrochemically from the lead of the plate itself. 

In 1881 Faurc® patented a process for pasting the surface of the 
plates with a compound of lead which could be formed more easily into 
the active materials of the finished battery. He applied a coating of 
red lead to the surface of smooth lead plates, rolling them together 
with a layer of flannel between for a separator. This type of cell 
possessed marked superiority in capacity and ease of formation over 
the cell of Plante, but the adherence of the active material to the plates 
was rather poor. It is stated that a battery of this type capable of 
exerting 1 horsepower weighed 75 pounds and gave an energy efficiency 
of 80 per cent. 

About the same time. Brush, an American, also discovered the pos- 
sibility of preparing the active materials from compounds mechanically 
applied to the plates. He obtained patents covering this principle. 

In the latter part of 1881, Volckmar*^ patented the use of lead plates 
with numerous holes which were filled with a paste made of pulverized 
lead mixed with sulfuric acid. Swan® also obtained a patent on a 
grid of cellular structure. These supports for the active material were 
an improvement over the flat plates which Faure used, but the active 
material still fell out readily. Sellon® patented, in 1881, a modification 
of the grid to make it hold the material better. He designed his grid 
in such a way as to lock the active material in place. Sellon is said to 
have made use of the alloy of lead and antimony instead of pure lead 
for this grid. The Correns^® grid, devised and patented in 1888, con- 
sisted of a double lattice of which the bars were triangular in cross 

ePaure's Secondary Battery, Electrician, 6, 323 (1881); 7, 122 and 249 (1881); 
French patents 139,258 (1880) and 141,057 (1881); German 10,926 (1881); British 
129 (1881); U. S. 252,002 (1882). 

Volckmar, German patent 19,928 (1881). 

® Swan, British patent 2272 (1881) ; Electrician, 8, 142 (1882). 

® Sellon, British patent 3987 (1881). 

i®Correns, German patent 51,031 (1888). 
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Fig. 2. Early types of grid structures, 1881-1892. 


section with the apexes pointing inward so that the active material was 
held securely in place. 

Illustrations of several of the earliest forms of grids are shown in 
Fig. 2. These grids are no longer used, but some of the principles that 
they embody are used now. 



6 Storage Batteries 

Since 1881 the development of the storage battery has been rapid 
because of the decreased time required for formation of the plates and 
also because of the development of machines for generating electric 
current. Many of the types of plates that have been devised are of 
historical interest, but only a few of them are of commercial im- 
portance today. Detailed descriptions of many of them have appeared 
in several of the books^i previously published on this subject, and 
it is therefore unnecessary to describe them further. 

THE STORAGE-BATTERY INDUSTRY 

The storage-battery industry may be said to have had its beginning 
with the pioneer experiments of Plante in 1859. During thelnext 20 
years the storage battery was little more than a laboratory apparatus, 
because of the labor and expense involved in preparing and charging 
the plates. Faure^s process of forming the active material from oxides 
of lead simplified and cheapened the process of manufacture in 1881. 
About that time, also, dynamo-electric machines became available for 
charging the batteries. Invention and investigation were greatly 
stimulated, but this early period was marred by bitter controversies 
over the relative merits of different types of batteries, over questions 
of priority of invention, and over theories explaining the chemical 
reactions that take place when the batteries are charged and dis- 
charged. The batteries of this period were mostly of the stationary 
variety. 

The storage battery was tried in a number of different services early 
in its history. The first installations often were not successful but they 
led to valuable results later on. Blizard^^ gives the dates and places 
of the first installations made in this country, including the following: 
central-station battery at Philipsburg, Pa., in 1885; trolley service at 
Dover, N. H., in 1893; train-lighting battery on the Pennsylvania Rail- 
road in 1882; isolated lighting plant at Baltimore, Md., in 1883; cen- 
tral-station telephone service at Chicago, 111., in 1889. The first suc- 
cessful use of batteries for the propulsion of electric vehicles was stated 
to have been in 1894, but there were many attempts prior to this date. 

Beginning with 1900, the industry was characterized by the develop- 
ment of compact, portable types of batteries and a great increase in 

E. J. Wade, Secondary Batteries, Electrician Printing and Publishing Co., 
London, 1902; L. Jumau, Les accumulateurs electriques, Dunod et Pinat, Paris, 
1907; A. Treadwell, The Storage Battery, The Macmillan Co., New York, 1906; 
Lamar Lyndon, Storage Battery Engineering, McGraw-Hill Book Co., New York 
1911. 

12 Charles Blizard, Development of the use of the storage battery in the United 
States, Elec. Rev. N. Y., SS, 75 (1901). 
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the number of batteries used. Portable batteries were produced for 
railway train lighting, propulsion of submarines and electric trucks and 
tractors, starting and lighting of automobiles, signaling on the rail- 
roads, and use in military operations. Stationary batteries were 
further developed during this period for stand-by and regulating serv- 
ice, telephone exchanges, and isolated lighting plants. The Edison 
alkaline storage battery was invented during this epoch. 

In the next 20-year period ending in 1940, storage batteries found 
new applications in emergency lighting, air-conditioning of railway 
cars, starting of Diesel engines, and a variety of services on ships, 
buses, trucks, and aircraft. This period is significant for the intensive 
study of materials and construction of batteries for a highly competi- 
tive market. 

The outbreak of World War II brought new and unprecedented 


demands for storage batteries of many kinds and for many diverse 
purposes. Research was stimulated, output increased, and the industry 
was faced with demands for batteries of lighter weight and snaaller 
volume, and for increased output at low temperatures. Coincident 
with the new military demands the civilian needs also increased as a 
result of a growing and intensively active population. Such a situation 
inevitably caused short.ages of various materials which necessitated 
finding substitutes. Skill in manufacture and the benefits of intensified 
research have definitely improved storage batteries. 

Some of the changes noted in the industry are: increased use of the 
uncalcined oxides in pasting the. plates, new and improved organic 
expanders to increase output of the batteries at extreme low tempera- 
tures, the development of calcium grids for use in telephone batteries 
which are floated on carefully regulated bus bars, plastic cases m 
lieu of some hard-rubber or composition cases, new types of separators 
to replace porous rubber in time of scarcity and to supplement the 
decreasing availability of Port Orford cedar, and increased use of 
Fiberglas mats as retainers on the surface of the positive plates. 

The well-known nickel-iron or alkaline type of storage battery has 
continued important. This is the Edison type, which follows along 
lines standardized effectively for it. Other types of alkaline storage 
batteries, also well known and hitherto largely confined to use in 
Europe, began to be manufactured in this country. These included 
the nickel-cadmium battery and the silver oxide battery. 

From a civilian point of view the net result has been to mcrea 
enormously the production of storage batteries and to place arge num- 
bers^f the small sizes in the hands of non-technical people who are 
quick to appreciate reliable service but who have little knowledge 
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of the theory or construction of the cells. The growth of the industry 
since 1909 is shown by the statistics in Table 1, compiled by the Census 
Bureau: 


Table 1. Statistics of Storage-Battery Manufacture 



1909 

1914 

1919 

1925 

1937 

1947 

Weight of 
plates, Ib 
Value 

23,119,331 

$4,243,984 

41,079,047 

$10,651,150 

148,951,766 

$56,648,347 

388,264,038 

$88,870,186 

$78,250,221 

$293,358,000 


Motor vehicles in the United States increased from 7^2 millions in 
1919 to over 50 millions in 1953. All of these are electrically ccluipped, 
requiring a yearly production, for this one purpose, of over 25 millions 
of batteries per year, if it is assumed that the average life of these 
batteries is from 18 months to 2 years. 

PRIMARY AND SECONDARY CELLS 

An electric battery consists of two or more connected cells that 
convert chemical energy into electrical energy. The cell is the unit 
part of the battery, but the word “battery” is sometimes used to mean 
one cell. The essential parts of a cell are two dissimilar electrodes, 
immersed in an electrolyte in a suitable jar or container. Familiar 
examples of electrodes are the copper and zinc plates of a simple 
primary cell, or the lead and lead dioxide plates of a storage cell. 
The electrolyte is a water solution of certain acids, alkalies, or salts 
that have been found to be adapted to the purpose. 

A number of different kinds of cells are in common use. These may 
be classified conveniently into two general groups as primary and 
secondary cells. The most familiar of the primary cells is the “dry 
cell.” Secondary cells are generally spoken of as “storage cells” or 
“accumulators.” The distinction between primary and secondary cells 
is based on the nature of the chemical reactions that occur in them 
when they are in use. Primary cells convert chemical energy into 
electrical energy and in so doing they become exhausted. Dry cells, 
when no longer serviceable, are discarded, but some of the so-called 
“wet” cells may be renewed with new electrodes and electrolyte. 
Storage cells, on the other hand, convert chemical energy into electrical 
energy by reactions that are essentially reversible, that is, they may 
be charged by an electric current passing through them in the opposite 
direction to that of their discharge. During this process, electrical 
energy is transformed into chemical energy, which may be used again 
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at a later time as electrical energy. Electricity is not stored as elec- 
tricity by these cells. They store chemical energy and so potentially 
electricity. 

There are other cells, some of which are intermediate between 
primary and secondary cells. These are generally classed with the 
primary cells for practical reasons, although they may possess some of 
the essential characteristics of the secondary cells. 

THE GROUPING OF CELLS 

For most purposes storage cells are used in groups or batteries, the 
number of cells and their size depending on the service required. 
Several arrangements are possible, and it is therefore desirable to 



Fig. 3. Cells connected in series. Fig. 4. Cells connected in parallel. 




arrange the cells in such a way as to secure the most economical service. 
Two factors are involved in arranging the cells: one is the voltage 
requirement and the other the 
capacity. When the cells are 
connected in series, that is, 
when the positive pole of one 
c(‘ll is connected to the nega- 
tive pole of the next, and so on 
to the end of the row, as in 
Fig. 3, the voltage of the cells 
is additive. Two cells in series 
will give twice the voltage of 
one cell, and five cells will give 
five times the voltage of one, assuming that the cells, taken indi- 
vidually, are of the same voltage. The capacity of a row of series- 
connected cells, however, is no more than the capacity of a sing e ce 
Cells may also be connected in parallel, by connecting like p 
together, as shown in Fig. 4. The voltage of such a group is no more 
than the voltage of a single cell, but the capacity of he group is 
equal to the sum of the capacities of the 
arrangement of storage cells is not commonly 
better to use a single cell of the required capacity rather than a group 

of small ones connected in parallel. 


Fig. 5. Parallel of series-connected cells. 
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When more than three cells are involved in a series and parallel 
connection, there is a choice of arrangement, as shown in Figs. 5 and 6. 
The cells may be arranged in several rows connected in series, and 
these rows may then be connected in parallel (Fig. 5), or they may be 

arranged in parallel groups 
which are then put in series 
(Fig. 6j. The voltage and 
capacity of either of these groups 
are the same, but the former is 
preferred for storage batteries 
although the latter is \he best 
arrangement for dry cel^ The 
paralleling of scrics-counected 
+ groups of storage batteries is 

c f 11 1 ^ j 11 found in cases where exceptional 

r ig. 6. Dcrips of parallel-cjonnected cells. . . /* i 

capacity is required, or for charg- 
ing when the voltage of the charging source would not be sufficient 
to charge the cells if they were all connected in series. 

In some installations involving a considerable numbei of cells in a 
series-parallel arrangement all points of the same nominal potential 
are connected. This provides a crisscross pattern that assists in main- 
taining equalization of the cells and a minimum of connector resistance. 
In effect such an arrangement is a combination of the connections in 
Figs. 5 and 6. 

Ordinarily the internal resistance of a storage cell is small and may 
be neglected in comparison with the resistance of the external circuit. 
This is discussed at greater length in Chapter 7, but for the present 
purpose of grouping cells into the most desirable batteries a brief 
discussion is given here. 

The working voltage of a cell is lower than its electromotive force 
by an amount equal to the voltage drop within the cell itself. The 
electrical energy gainfully employed is proportional to working voltage 
and the current which flows for a specified time. 

Let E = the emf of a single cell. 

s = the number of cells connected in series. 
p = the number of cells connected in parallel. 

22' = the external resistance. 
b = the internal resistance of a single cell. 

I = the current flowing. 

Increasing s increases the available emf, the working voltage of the 
battery, and the current that it delivers, assuming that 22' remains 


£ 




rP 








~f^ 


-h- 


q= 



Li 
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constant. The increments of current as each successive cell is added 
to the circuit are substantially equal unless sb cannot be neglected 
in comparison with R'. In such a case the increments of current will 
be progressively less as more cells are added to the circuit. The addi- 
tion of cells in parallel may then become desirable. 

In a series-parallel arrangement the cmf is sE and the internal 
resistance is sb/p. The current furnished by the battery through the 
external resistance is: 

sE _sE 1 

^ R' + {sb/p) " I + {sb/pR') 

The equation is thus separated into two parts: the first is a simple 
statement of Ohm’s law, and the second part, which modifies the first, 
shows the effect of the internal resistance of the battery. From this 
equation it is apparent that sb/pR' should be small. 
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Materials and Methods 
of Manufacture 

\ 

Successful production of storage batteries is the reward of Exacting 
care in the selection of materials and their fabrication into the finished 
product. Physical and chemical properties of the materials are usu- 
ally covered by manufacturer's specification, but these provide no 
complete answer to his need for skill and experience. More than 
90 years have ela])se(l since Plante invented the first successful storage 
battery, but, now more than before, research is revealing the intricate 
processes that take place in the battery. The X-ray spectrograph, 
electron microscope, and other powerful tools for research are being 
applied with good effect to provide a more scientific basis for hitherto 
empirical })rocesses. Plastics in a wide variety of fibers, microporous 
films, and other solids are replacing some of the long-established mate- 
rials for separators and containers. They have made possible the 
development of new types of batteries. 

Lead-acid storage batteries and the nickel-iron or alkaline batteries 
are well known and long established in the battery industry. They 
maintain their importance and will be described in detail. Other types 
of storage batteries, less familiar to the public perhaps, include the 
nickel-cadmium and silver oxide storage batteries which will also be 
described. 

MATERIALS FOR LEAD-ACID BATTERIES 

Lead 

The material used in greatest amount is l(‘ad, which is an element 
having an atomic weight of 207.21. The battery industry is the 
largest consumer of lead in the United States, about 400,000 tons^ 
being used per year. Eighty per cent of this is returnable, however, 
as secondary metal when the batteries are discarded. Lead is obtained 
chiefly from the ore, galena, which is the native sulfide of lead, PbS. 

1 R. L. Ziegfeld, Lead survey for the ceramic industry, Am. Ceram. Soc. Bull, 
SI, 244 (1952). 
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Because the storage battery is affected by the presence of small 
amounts of impurities, it is of interest to note the more common of the 
metals and sulfides which occur in the ore. These include iron, silver, 
copper, zinc, and arsenic. Galena is widely distributed, being found 
in nearly all countries. Other ores of lead of less importance are 
ccrussite, PbCOs, and anglesite, PbS 04 . 

Lead is a metal, bluish gray in color, with metallic luster. It oxi- 
dizes readily in moist air, becoming a dull gray. Lead in its pure state 
is soft and malleable, but its tensile strength is low. Because oi its 
plasticity it may be extruded into ribbons and other forms by hydraulic 
presses. The density of cast lead is 11.34, but this may be slightly 
increased by rolling. The linear coefficient of expansion is 0.0000292 
per degree Centigrade. This is greater than the values for copper, 
iron, tin, and some of the other common metals. The melting point for 
pure lead is 327.°4 C (621° F). The resistivity of lead is an important 
factor in the design of storage batteries. The values given in the 
literature differ somewhat, probably because lead is very sensitive in 
this respect to cold working, such as bending, hammering, or drawing. 
A value determined on a cast bar gave 0.0000212 ohm-centimeter at 
20° C (68° F), or about 12 times tlie resistivity of copper. 

The chemical properties of lead arc of great importance in relation 
to storage-battery performance. Lead is readily attacked by nitiic 
acid, but not by cold hydrochloric acid, or cold sulfuric acid below 
1.700 sp. gr. Lead forms a number of important combinations with 
oxygen which will be discussed in later paragraphs. Small amounts 
of many impurities exert a marked influence on the mechanical and 
electrolytic properties of lead. Arsenic, copper, zinc, and antimony 
render it harder. Bismuth in small amounts appreciably increases the 


corrodibility of lead. . , , c 

The composition of refined pig lead varies with the source of the 

material and the methods employed in purifying it. Standard^ for 
three grades of lead, known as “Corroding,” “Chemical, and Com- 
mon” lead, which have been established by the American Society for 
Testing Materials (A.S.T.M.),^ are given in Table 2, but reference 
should be made to the complete specification for other grades. The 
methods of analysis for pig lead are described in the society s speei- 


Very pure lead, prepared by electrolytic methods is now available. 
Percentages of 99.99943 have been reported. Such lead is soft, low m 
tensile strength, and consists of large crystals. 


a Standard Specifications, A.S.T.M., B^9, 

^A£.T.M.. Methods of Chemical Analysis of Metals, B35-46 
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Table 2. Three Grades of Pig Lead, According to the Standard 
OF THE American Society for Testing Materials 


1. 

. Corroding 5 

2. Chemical 

5. Common 


Lead, % 

Lead, % 

Lead, % 

Silver, max. (I, III) 

0.0015 

f 0 . 020 max. 

0.002 

Copper, max. (I, III) 

1 

0.0015 J 

10.002 min. 
(0.080 max. 

0.0025 

Copper and silver together, 
max. 

1 

0.0025 

[0.040 min. 


Arsenic, max. 

0.0015 



Antimony and tin together, 
max. 

0.0095 



Antimony, arsenic and tin 
together, max. 


0.002 

1 

0.1015 

Zinc, max. 

0.0015 

0.001 

O.0O2 

Bismuth, max. 

0.05 

0.005 

0.15 

Iron, max. 

0.002 

0.0015 

0.002 

Lead (by difference), min. 

99.94 t 

)9.90 

99.85 


Note; In No. 1, bismuth, copper, and tin must not all be present in maxi- 
mum amounts in the same sample. No. 2 is sometimes known as “undesilver- 
ized lead’* from southeast Missouri ores. No. 5 is common desilverized A. 
The A.S.T.M, specification includes four other types: No. 3 Acid lead. No. 4 
Copper lead, No. 6 Common desilverized B, and No. 7 Soft undesilverized. 

The production of secondary lead from discarded storage batteries 
has increased to large proportions. To this must be added the metal 
obtained from the scrap that necessarily accumulates in the course 
of manufacturing operations. Discarded batteries, minus their rubber 
or composition case material, and other scrap lead, alloys, and oxides 
are loaded into blast furnaces together with the reducing agent, coke, 
and the flux, limestone. Fusion and reduction of the material occur 
in the smelting zone, and the products separate into three layers: 
molten metal, matte, and slag. Copper and other impurities are 
removed, and the remaining antimony content of the recovered alloy 
is adjusted to the required percentage, but laboratory tests are needed 
to assure the required degree of purity if the material is to be used 
for casting grids or other parts of batteries. Specifications of battery 
manufacturers differ considerably in the amount of impurities per- 
mitted. Secondary lead, unalloyed with antimony, is available and 
subject to nearly the same rigid specifications as the purer grades of 
primary lead. Methods of reclaiming battery scrap have been pub- 
lished by Hayward^ and Tbews.^ 

4 C. R. Hayward, How to smelt battery scrap, Eng. Mining J., 145, 80 (March 
1944). 

5 E. R. Thews, Reclaiming storage-battery residues, Arch. Metallkunde, 2, 170, 
(1948). 
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Lead-Antimony Alloys 

Antimony, which is combined with lead in making the grids, is an 
element having an atomic weight of 121.76. It is obtained chiefly 
from the ore, stibnite, which is the native antimony sulfide, Sb 2 S 3 . 
This ore consists of prismatic crystals, bluish gray in color with metallic 
luster. It is often associated with arsenic and bismuth. The color 
of antimony itself is silver-white with a high metallic luster. It is 
hard and brittle. The density is 6.684, and the expansion coefficient 
0.0000114 per degree Centigrade. Antimony melts at a temperature 
of 631° C (1168° F). The resistivity of antimony is 39 microhm- 
centimeters, or about twice that of lead, and the alloys of the two have 
a higher resistivity than pure lead. Antimony is not readily oxidized 
by the air, but it combines directly with chlorine, forming SbClr,. 
Antimony is oxidized by nitric acid to the trivalent state. Arsenic 
is the principal impurity that is associated with antimony. 

In Table 3 are found the results of several investigations made 
at the Bureau of Standards on the alloys of lead and antimony. The 
results have been calculated for even percentages of antimony. Un- 
doubtedly, the conditions of casting and the presence of small amounts 
of impurities may affect the physical properties considerably. The 
lead used for these investigations was of the grade known as “hardening 
lead,^^ for which the manufacturer’s analysis showed a purity of 
99.9947 per cent. The antimony also was the purest that could be 
obtained. 

The amount of antimony in storage-battery grids ranges from 5 to 12 
per cent. There are a number of reasons for using antimony: (1) The 
material flows better in the mold. To increase the fluidity some manu- 
facturers specify a small amount of tin also. (2) The alloy produces 
sharp castings. Ewen^* has stated that some alloys of lead and anti- 
mony expand wdien solidification takes place, but Dcan*^ denies this. 
(3) The alloy is less subject to electrochemical formation and can be 
used as a support for the active material without losing its strength 
by being “formed” as the battery is used. (4) Antimony increases 
the stiffness of lead, and also its ductility and tensile strength within 
limits that are shown in Table 3. (5) The temperature of complete 

liquefaction of the alloys, within the range of compositions used for the 
grids, is below the melting point of pure lead. (6) The expansion 
coefficient of the alloy is less than that of pure lead. 

eD. Ewen and T. Turner, Shrinkage of antimony-lead alloys during solidifica- 
tion, J. Inst. Metals, 4. 128 (1910). 

T R. S. Dean, L. Zickrick, and F. C. Nix, Lead-antimony system and harden- 
ing lead alloys, Trans. Am. Inst. Mining Met. Engrs., 7S, 505 (1926). 
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Table 3. Properties of Cast Lead-Antimony Alloys 


Per Cent 
of 

Anti- 

mony 

Temp, of 
Complete 
Lique- 
faction 

Den- 

sity 

Tensile 
Strength, 
lb per 
sq in. 

Elon- 

gation, 

% 

Hardness, 

Brinell 

Number* 

Expan- 

sivity 

Coeffi- 

cient 

Resis- 

tivity 

20° C, 
ohm-cm 


°c 

°F 







0 

327 

621 

11 34 

1780 


3.0 

0 0000292 

0.0000212 

1 

320 

608 

11.26 



4.2 

0.0000288 

0.0000220 

2 

313 

596 

11.18 



4 8 

0.0000284 

0.0000227 

3 

306 

583 

11.10 

4700 

15 

5 3 

0.0000281 

0\0000234 

4 

299 

572 

11.03 

5660 

22 

5 7 

0.0000278 

0 b000240 

5 

292 

558 

10 95 

6360 

29 

6.2 

0.0000275 

0.0000246 

6 

285 

545 

10.88 

6840 

24 

6 5 

0 0000272 

0.0000253 

7 

278 

532 

10 81 

7180 

21 

6 8 

0.0000270 

0.0000259 

8 

271 

520 

10.74 

7420 

19 

7 0 

0 0000267 

0.0000265 

9 

265 

509 

10 66 

7580 

17 

7.2 

0.0000264 

0.0000271 

10 

261 

501 

10.59 

7670 

15 

7.3 

0.0000261 

0 0000277 

11 

256 

492 

10.52 

7620 

13 

7.4 

0.0000258 

0.0000283 

12 

252 

485 

10.45 

7480 

12 

7.4 

0.0000256 

0 0000289 

13 

217 

477 

10 38 

7280 

10 


0 0000253 

0 0000293 

14 



10 30 

7000 

9 


0 0000251 

0.0000293 

15 



10 23 

6800 

8 


0.0000248 

0.0000292 

16 




6620 

6 














* The hardness numbers given in this table are lower than others reported in 
the technical literature, probably because of the softness of the lead used in 
the investigation. 


Lead and antimony form an alloy of which the eutectic composi- 
tion is 87 per cent lead and 13 per cent antimony, melting at 247° C 
(477° F). Lead and antimony arc miscible in all proportions in the 
liquid state. Dean has found evidence of the solubility of antimony 
in lead to the extent of 2.5 per cent at the melting point of the eutectic. 
This percentage decreases to about 0.5 per cent at ordinary tempera- 
tures. The structure of the alloy used in storage batteries, therefore, 
consists of the eutectic embedded in a solid solution of lead and anti- 
mony, as shown in Fig. 7. The equilibrium diagram is given in Fig. 8. 
Age-hardening of alloys containing more than 0.5 per cent of antimony 
has been observed by Dean. 

A metallographic examination of the alloy is often valuable in 
determining the quality. The specimens to be examined are first cut 
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to a smooth surface, polished, and then etched. Various etching 
reagents that have been recommended include: (1) a solution of 1 part 
acetic acid, 3 parts hydrogen peroxide, and 3 parts water; (2) nitric 
aci , 0 per cent, (3) an electrolytic process in a solution of perchloric 
acid. When the specimen is suitably prepared and examined under 



Fig. 7. Alloy of lead and antimony magnified 250 times. The dark portions 
are the solid solution and the light portions the eutectic. Antimony 8 per cent. 


the microscope, its microstructurc is revealed as in Fig. 7. Alloys that 
have been well mixed and cooled quickly after casting exhibit small 
crystals and are fine grained. Coarser structure indicates slower cool- 
ing. Segregated antimony, if present, appears as rectangular crystals. 
Irregular and unequal distribution of the eutectic is usually the result 
of poor mixing of the molten metals or uneven cooling. A micro- 
graphic study of lead-antimony alloys was made by Vilella and Berege- 
hoff.8 More recently Simon and Burbank^ made a study of the 
dendritic structure of lead crystals as a part of a corrosion study of 
the grids. Lead-antimony alloys have less tendency to grow and they 
corrode more uniformly than structures of pure lead. 

®J. R. Vilella and D. Berogehoff, Polishing and etching lead, tin, and their 
alloys for microscopic examination, Ind. Eng, Chem., 10, 1049 (1927). 

^ A. C. Simon and J. B. Burbank, Subgrain structure in lead and lead-antimony 
alloys, Naval Research Lab. Rept. 39 ^ (1952). 
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The effects of some impurities in antimonial lead were described by 
Johnstone. Copper, which ordinarily does not alloy with lead, may 
be present in small fractional percentages. Traces of it may even 
improve the alloy, but too much will cause wet-skims in the melting 
pot and may soften rather than harden the alloy. Tin improves the 
casting quality of the metal and may be added purposely in amounts 
of 0.15 to 0.50 per cent. Sulfur even in very small amounts produces 
wet-skims and brittleness. Iron separates along with a mass of lead 
as dross and should be avoided. 



Fig. 8. Equilibrium diagram of lead and antimony. 



Other investigations of the effect of impurities in antimonial lead 
alloys were made by Mashovets and Lyandres,^ ^ who found lead more 
resistant to anodic corrosion than the alloy. The resistance of the 
alloy is increased by the addition of small amounts of silver or arsenic. 
They found no marked harmful effect of iron, but bismuth in amounts 
of 0.1 to 1 per cent noticeably increased the rate of corrosion. 

Fink and Dornblatt^^ investigated the effect of small additions of 
silver to lead-antimony alloys. They found anodic corrosion to be 
lessened by the addition of about 0.1 per cent of silver. 


Lead-Calcium Alloys 

These alloys have proved to be an important replacement for lead- 
antimony alloys in telephone batteries. They have distinct advan- 
ce James 0. Johnstone, Facts about Grid Metal, Metals Refining Co., 1935. 

V. P. Mashovets and A. Z. Lyandres. Effect of impurities in Pb-Sb alloys 
on the functioning of lead storage batteries, Zhur. Priklad. Khim., 21, 347 (1947). 

12 C. G. Fink and A. J. Dornblatt, Effect of silver on some properties and per- 
formance of antimonial lead storage-battery plates, Trans. Electrochem. Soc., 79 
269 (1941). 
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tages in telephone central stations, where the service required of them 
is to float on a carefully regulated bus. Local action is small, and the 
necessary current to maintain fully charged conditions under normal 
conditions of floating is said to be of the order of 2.5 milliamperes 
per 100 ampere-hours of capacity. 

Laboratory tests and experimental installations indicate that lead- 
calcium grids can be used successfully in specially constructed heavy- 
duty batteries for cycle service where the charging is accomplished by 
voltage-controlled or tapered charge methods. This is a compara- 
tively new development and still in the experimental stage. Hitherto 
the general belief was that lead-calcium batteries were not suited to 
cycle service. 

Lead-calcium alloys for battery grids were first described by Haring 
and Thornasi^*^ X935 and have been the subject of many experiments 
since then. For grids, the calcium should not exceed 0.10 per cent. 
Lead-calcium alloys are available commercially, containing about 5 
per cent calcium. These must be ^'diluted’' for battery use. This can 
be done by heating lead under charcoal to 540 to 600° C (1004 to 
1112° F) and adding a measured portion of the 5 per cent alloy which 
melts readily in lead at this temperature. As some of the calcium 
tends to burn out, it is preferable to make the dilution in two steps, 
5 to 1 and 1 to 0.1 per cent or less. The alloy resulting from the first 
step can then be analyzed for calcium content before determination of 
the amount required to make the final alloy, which is prepared at a 
temperature not exceeding 540° C (1004° F) . Excessive stirring of the 
molten metal should be avoided to reduce dressing. When casting 
thin grids inch or less) the 0.10 per cent alloy is heated to 480 to 
500° C (896 to 932° F), but for thicker grids the casting temperature 
may be 25° C (45° F) less. After the grids are cast they age-harden 
in 15 to 18 hours. The maximum tensile strength of the alloy is then 

about 8100 pounds per square inch. . 1 • n 

With 15 years’ records of batteries containing calcium grids in float 
service, Thomas^ and his coworkers found results best when the 
percentage of calcium was between 0.065 and 0.090. Anything 
0.1 per cent should be avoided. They found the rate of growth o the 
positive grids in service to be less than when lead -antimony alloys 


13 H. E. Haring and U. B. Thomas, Electrorhomical behavior of load lead- 
antimony, and lead-calcium alloys in storage cells, Trans. EleMrochem. Soc., 5, 


293 (1935). 

WU. B. Thomas, F. T. Foster, 
lead-calcium grids as a function of 


and H. E. Haring, Corrosion and growth of 
the calcium content, Trans. Eleclrochem. Soc., 


9S, 313 (1947). 
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were used, but if the percentage of calcium employed exceeded 0.1 
per cent the rate of growth increased proportionately to the excess of 
calcium above 0.1 per cent. 

Calcium alloy grids give rise to slightly different operating condi- 
tions than when the lead-antimony grids are used. These will be 
discussed in later sections of this book. The latest available descrip- 
tion of these batteries relates to their application to telephone 
service. 

Other Lead Alloys ; 

Lead- Arsenic Alloys. The property of small amounts of\arsenic 
in hardening lead has been known for a long time. Ernicke^® has 
studied the properties of such alloys, finding the greatest resistance 
to chemical corrosion when the arsenic was not in excess of 0.1 per 
cent. 

Lead-Tellurium Alloys. These alloys contain only 0.1 per cent 
tellurium, but this small amount changes the physical structure. 
The grain is finer and the alloy more resistant to corrosion.'^ 
Lead-Cadmium Alloys. Experimental samples had some of the 
desired characteristics for use in storage batteries but exhibited an 
unfortunate tendency to form “trees.^^^® In this respect the alloy was 
improved by the addition of a few per cent of antimony. Cadmium 
improves tlie mechanical properties of lead, but these alloys were 
hardly the equal of the customary lead-antimony alloys. 

Because antimony has some deleterious effects in storage batteries 
various substitutes for it have been proposed. These include the alloys 
mentioned above and in addition alloys with several of the alkali and 
alkaline-earth metals. Another method of avoiding the detrimental 
effects of antimony, in part at least, without sacrificing the mechanical 
strength of its alloys with lead, is to lead-plate^ the antimonious 
lead. On the positive grids this is not a permanent cure, but negative 
grids so plated behave more like those of lead or calcium alloy. 

Anon., Now storiigc battery developc'd by the Bell Telephone Laboratories, 
Elec. Enq., 70, 283 (1951). 

Emickc, Properties and possible applieatiuns of lead-arsenic alloys in com- 
parison with lead-antimony alloys, Metall, 4, 1 and 48 (1950). 
i^Anon., Tellurium lead, Dutch Boy Quarterly, 14 , 9 (1936). 
i®G. W. Vinal, D. N. Craig, and C. L. Snyder, Composition of grids for posi- 
tive plates of storage batteries as a factor influencing the sulfation of the 
negative plates. Bur. Standards J. Rvacarch, 10, 795 (1933). 

19 E. W. Smith, U. S. patents 2,193,782-3 (1942); Anna P. Hauel, U. S. patent 
2,282,760 (1942). 



Materials and Methods of Manufacture 


21 


Oxides of Lead 


Lead combines with oxygen to form a series of oxides. These are 
important articles of commerce, several of which are utilized as basic 
materials in the manufacture of storage batteries. 

The Monoxide, Commonly Called Litharge or Plumbous Oxide, PbO, 
This oxide is made by passing air over molten load in a reverberatory 
furnace. On cooling, the product solidifies into the familiar yellow 
modification which, however, is metastable at ordinary temperatures. 
Its rate of conversion into the stable red modification is slow but may 
be accelerated somewhat by grinding. X-ray studies have shown the 
yellow modification to be orthorhombic while the red modification is 
tetragonal. The transition, therefore, involves important changes in 
crystal structure. The temperature at which this occurs is variously 
reported in the literature from about 400 to 600° C. A solidified mass 
of the yellow modification cooling below the transition temperature 
is subject to internal stresses and exfoliates, producing a deformation 
of the crystal lattice and taking on characteristics of the red modifica- 
tion. The composition of the yellow modification agrees with the 
stoichiometric ratio of the elements and may even carry a slight excess 
of lead, and then the material may be greenish. Red litharge on the 
other hand may be deficient in oxygen to satisfy stoichiometric re- 
quirements. This and its distorted lattice, if present, are of practical 
importance in storage batteries because of increased chemical reac- 
tivity. Much has been learned about lead oxides by the use of 
X-rays, 2 0 and much more remains to be learned as the properties of 
lead monoxide vary both chemically and physically. These are re- 


flected in battery performance. 

Red Lead, Commonly Called Minium, PboOj. This higher oxide 
of lead is not to be confused with the red modification of litharge 
mentioned above. True red lead, corresponding to the formula, is 
made by a further oxidation of litharge at a temperature of 400 to 
500° C. Oxidation is seldom complete, however, and the coarser 
particles retain a core of the lower oxide. The so-called battery red 
lead ordinarily contains about 25 per cent of litharge. Red lead does 
not absorb additional oxygen but may be formed electrolytically with 
change of composition into the dioxide, PbOs. Red lead finds its use 
in the battery industry largely for blending with other oxides. It may 
be used to adjust the time required for formation of the plates, to 


20 M. LeBlanc and E. Eberius, UntersuchiinKC'ri uber Blcioxyde 
Systeme mil Sauerstoffc, Z. vhysik. Chem , 160 69 (1932b a ^ 

R. Rowan, Studies of lead oxides, J. Am. Chem. Soc., 63, 1302 and 1305 (1941). 
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adjust the density of the paste in making the plates, or to provide 
plates which will quickly reach their maximum capacity in service. 

Lead Dioxide, P 6 O 2 . This oxide is also called plumbic oxide and is 
dark brown or almost black. It is formed electrolytically in the bat- 
tery by anodic oxidation of a lower oxide. Although it is the active 
material of the finished positive plate, it is not used in preparing the 
paste for this plate. It is not available in the quantities required 
of other oxides, and any paste made of it would rapidly disintegrate 
when dried. As the electrolytic product there is no higher oxide of 
lead. 2 i V 

Uncaldzied, High-Metallic Oxides. These are variously called 
litharge, lead powder, or hydroset oxide. The material may pe gray 
or black. Developments in storage-battery manufacture have largely 
revolved around the use of such oxides. Although Volckmar is said 
to have filled his plates with powdered lead in 1881, the use of sub- 
stantially similar material began actively about 1925. One variety of 
these oxides is now made by abrading small lead spheres or other 
convenient shapes in a stream of heated air the temperature and 
quantity of which are carefully regulated. The product is a highly 
reactive lead powder of fine particles which is partially oxidized to the 
red or tetragonal form of litharge. The actual metallic content is 
in the range of 25 to 50 per cent. Because of this finely divided lead 
the product is extremely sensitive to moisture, which would cause 
further oxidation and the evolution of heat. The control of this 
moisture is important in pasting and finishing positive plates. These 
leady oxides may be used directly in making negative plates, but a 
blend with about 20 per cent of red lead (minium) is customary in 
making positives. The advantages of using these oxides, which have 
brought them into such widespread use, include increased strength of 
plates, resistance to shedding, and increased life in service. 

Barton oxides of high purity and fine particle size are used by some 
manufacturers interchangeably wdth the uncalcined, high-metallic 
oxides. 

The So-Called Lead Sub oxide, P 62 O. In the early experiments it 
was believed that the oxide which was gray or black was truly a sub- 
oxide. Identification with X-rays has now shown this to be a mis- 
take. Sidgwick22 states that there is no suboxide. 

Fume Oxides. Those are the lightest of the oxides and have the 

I^- A. MacInnes and E. B. Townsc^nd, An electrovolumetric method for lead, 
J. Ind. Eng. Chem., I 4 , 420 (1922). 

22 N. V. Sidgwick, The Chemical Elements and Their Compounds, Vol. 1, 
p. 624, Clarendon Preas, Oxford, 1950. 
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finest particle size. They are litharge of the orthorhombic modifica- 
tion. Plates made from fume oxides have high capacity. 

Properties of Lead Oxides 

Impurities. A high state of purity of the oxides used in the manu- 
facture of storage batteries is required. The limiting percentages of 
impurities for both litharge and the red lead are about the same. A 
good grade of the oxides for storage-battery purposes would have 
about the amounts of impurities tabulated. 



Per Cent Not 


Per Cent Not 


to Exceed 


to Exceed 

Antimony 

0.002 

Nickel 

0.0001 

Arsenic 

0.00005 

Silver 

0.003 

Bismuth 

0.05 

Thallium 

0.001 

Cadmium 

0.003 

Zinc 

0.002 

Copper 

0.003 

Manganese 

0.00003 

Iron 

0.02 




The methods for determining the impurities are available, Mois- 
ture is determined by drying a sample of the material at 105° C. 

Relation between Fine and Coarse Particles. A proper balance of 
the oxide particles of various sizes is a matter of considerable impor- 
tance in determining the life and capacity of the finished plates. 
Generally speaking the oxides used for batteries are coarser than those 
used for paints, but they are so fine, nevertheless, that the problem of 
classifying them according to size of particles is a difficult one. The 
Thompson classifier is one of the well-known devices for determin- 
ing the percentages of the fractions of varying degrees of fineness. 
The oxide to be analyzed is suspended in oil which flows through a 
succession of standardized cones, depositing particles within certain 
limits of size in each. Air classifiers have been used also. The ob- 
vious advantages of these are somewhat offset, however, by the dif- 
ficulties with dust and electrostatic effects. Sedimentation^^ methods 
are commonly used. 

Apparent Density. This is usually measured by the Scott volumeter, 

23 J. A. Schaeffer, B. S. White, and J. H. Calbeck, Chemical Analysis of Lead 
and Its Compounds, 3rd ed.. Eagle Piclier Lead Co., Chicago, 1926. E. J. Dunn 
and A. J. Mitteldorf, Spectroscopy of Lead Oxides for the Storage-Battery 
Industry, National Lead Co. Research Laboratories, Brooklyn, N. Y., 1947. 

24 G. W. Thompson, Description of cone classifier, Am. Soc. Testing Materials, 

Proc., 10, 601 (1910). . . ^ u j- 

25 J. H. Calbeck and H. R. Earner, Particle size and distribution by a sedi- 
mentation method, Ind. Eng. Chem., 19, 59 (1927). 
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likewise has the same crystal structure and could be used, although 
there appears to be no immediate reason for doing so. 

Interest in the use of organic expanders began before 1920. The 
substitution of rubber separators for wood in early attempts to make 
dry-charged batteries had not proved successful, and the difficulty 
was attributed to the absence of wood. Finely ground wood was 
incorporated with the paste in making negative plates. It soon became 
apparent that this improved the capacity of the batteries at high rates 
and low temperatures. From these early experiments have sprung 
many investigations on the effect of organic expanders and the methods 
of preparing them. > 

Lignin is a major constituent of wood, amounting to about 30 plpr 
cent in the coniferous varieties. Other major constituents are cellulose 
and pentosans. Separation of these constituents is an important part 
of processes for making paper and other products. In the course of 
these separations the lignin is found in the waste sulfite liquors. Lig- 
nin is soluble in alkalies but not in water or most mineral acids, 
including sulfuric acid. These waste liquors are an abundant source 
of ligninsulfonic acid, which can be concentrated and used by the bat- 
tery industry. By another process, the so-called soda process, a heavy 
black liquor is obtained which precipitates sodium lignates by decreas- 
ing its alkalinity. These lignates are then treated with acid to liberate 
the lignin, which is then dried and used as a powder. Lignin can also 
be obtained from wood by hydrolyzing the wood strongly with acid. 
The soluble portion then contains the sugars, and the lignin remains in 
the insoluble residue. The preparation of organic expanders for bat- 
tery use is described by Ritchie. 

Organic expanders are used in quantities of less than 1 per cent. 
They are usually combined with barium sulfate and lampblack. In 
the working cell the organic attaches itself to the spongy lead surface, 
helping it to remain active and free from an otherwise impervious 
coating of lead sulfate. Polarization is thereby reduced and the 
capacity of the battery increased. Too much organic may increase 
the difficulty in clearing the negative plates when they are on forma- 
tion. The organics do very definitely increase the final charging 
voltage of the batteries by about 0.2 volt per cell. A so-called “non- 
lignin paste” would have about 2.5 per cent BaS 04 and 0.2 per cent 
lampblack as the expander blended with the lead oxide. 

A special lead-nickel glass used with expanders has been described^s 

28LoC. cit. 

2»F. J. Williams and J. A. Orsino, Lead-nickel glass of controlled chemical 
durability for storage batteries, J. Am. Ceram. Soc., 69, 313 (1946). 
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as a means of reducing the final charging voltage of lead-acid bat- 
teries. Traces of nickel are released gradually to the electrolyte by 
the very slight solubility of the glass. It was known previously that 
nickel has the property of decreasing the charging voltage, but only 
limited use has been made of this property. 

PASTED PLATES 


The Grids 


The grids (Fig. 9) serve as supports for the active material of the 
plates and conduct the electric current. The grids also have an im- 
portant function in maintaining a uniform current distribution through- 
out the mass of the active material. If the current distribution is 
uneven, the changes in volume of the plates, during their charge and 
discharge, will be uneven, resulting in a tendency of the active material 
of the plate to buckle or crumble. Light grids are, in general, used in 
batteries designed for heavy discharges of short duration, but in bat- 
teries designed for long life for which the discharge is intermittent or 
extended over a long period of time heavier grids arc employed. The 
grids are cast, for the most part, of an alloy of lead and antimony, and 
frequently have designs by which the manufacturer can be identified. 
The grids most commonly used at the present time have cross bars 
which pass either straight or diagonally across the plate and are de- 
signed to lock the active material in place. 

Grids for positive and negative plates are frequently of the same 
design, composition, and weight) but it is possible to make the negative 
grid lighter, because this grid is less subject to corrosion than the grid 


of the positive plate. 

Casting the Grids. The molds ordinarily consist of two parts. 
They are made of cast iron. Grooves are cut in the opposite faces of 
the mold, according to the design of the particular plates. Small grids 
are cast double and later cut apart. Large grids for stationary bat- 
teries or submarines are cast singly. 

The molds should be evenly heated to 135 to 180° C (275 to 356° F) 
to make the metal run freely, and they must be provided with suitable 
vents to let out the air, which would otherwise be trapped in the mold 
when the molten metal is poured in. A slight head of the molten metal 
is required to make it run into all the recesses of the mold, and the 
molten metal must be at a high enough temperature, when it is poured 
into the mold, to prevent premature solidification. The jange of tem- 
perature is from about 425° C (800° F) to 525° C (975° F). Exces- 
sive temperatures, 975° F and above, should be avoided since oxidation 
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Fig. 9. Various types of grids. Kos. 1, 2, nnd 5 are grids for small glass-jar 
batteries; 3, grid for automotive battery; 1, smallest-sized grid of Ironclad 
construction, assembled and unassembled; 6, grid of the Manchester positive 
plate; 7, grid of the box-negative plate; 8, grid of a motive-power battery; 9 
and 10, grids for small experimental batteries; 11 and 13, Flote reinforced grids 
for stationary batteries; 12 and 14, Tytex reinforced grids for stationary batteries; 

15, lead-calcium reinforced giid for stationary batteries. 

may change the composition of the alloy and affect the speed and 
quality of the casting. 

The present tendency is to use lower percentages of antimony in the 
alloy than formerly. This makes casting somewhat more difficult and 
requires higher casting temperatures. Dross is likely to become more 
troublesome at these high temperatures; it should be avoided as far 
as possible because in the finished grid it is a cause of corrosion. In 
an effort to improve service conditions, Willihnganz^^o has described 

3® Eugene Willihnganz, New grid casting improves battery life, Iron Age, 163, 
62 (June 9, 1949). 
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a new grid design and an improved casting technique to avoid cavities 
or ^'pipes'^ caused by shrinkage of the alloy and also to regulate the 
time of freezing of the lead matrix in the mold with reference to the 
freezing of the eutectic. 

Molds are prepared for the casting process by smoking, spraying, 
or dusting the faces after preliminary heating. This is necessary for 
producing good castings which can be removed readily from the mold. 
The practice of dusting the mold frequently with pumice or other 
powder has been largely superseded by the application of a smoky 
acetylene flame or by spraying the mold witli one of the several mold 
coatings that are now available. Spraying is done with an air gun: 
the nozzle is held 15 to 20 inches from the mold, and the spray is 
directed from several directions. The mold must be hot enough to 
evaporate the water constituent instantly. A thin uniform coating is 
desired. With occasional ^Touching up^^ this should suffice for several 
hours. If the mold becomes too hot for the molten metal to solidify 
promptly, a little water may be used at the gate. The molds are some- 
times filled from a ladle, by hand, but usually they are filled directly 
from the melting pot. Heavy grids, such as those for the Manchester 
plates, are cast under pressure, the molten metal being blown into the 
mold by compressed air. 

The melting pot containing the molten alloy is usually fired by gas 
and contains several hundred pounds of the alloy. During the casting 
of the grids, the molten metal is stirred from time to time and the 
dross skimmed off. In the best practice the trimmings from the cast- 
ings and scrap alloy, unless clean and free from sweepings, are not 
thrown back into the melting pot, since there is danger of contaminat- 
ing it with impurities. Ventilation is necessary to carry off the fumes 
which may sometimes be seen over the melting pot. For this a forced 
suction through a hood is desirable, since the natural ventilation of 
the room does not provide satisfactory protection to the workers from 
poisonous fumes. 

The most common flaws that are observed in grids are due to dross, 
to premature solidification of the metal in the mold, to webs which 
appear when the two faces of the mold do not fit well together, and 
to warping, which may be caused by mechanical injury in taking the 
newly cast grid from the mold. The grids are trimmed after casting, 
to remove rough edges and minor imperfections, but extensive trim- 
ming should be unnecessary. Grids for small batteries, such as those 
used on automobiles, arc pasted while still double. After this they 
are cut apart, and the lugs for connecting the grids to the connecting 
straps are cut to the proper length and brightened by a scratch brush 
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before the plates are burned to the straps. Large and costly grids 
containing minor defects are sometimes repaired by burning in new 
ribs. Before being pasted, the grids must be free from grease or dirt 
of any kind. 

Cast grids are generally preferred to punched grids, but the latter 
have found some use. They are made by casting a continuous wide 
ribbon of the lead alloy w^hich passes in turn through the punch press 
and pasting machine. 

With the object of making the battery much lighter, substitutes for 
the customary lead-antimony alloy grids have at various times been 
proposed. , These include grids of Celluloid and ebonite, proposed 
many years ago, and more recently grids of light metals which are 
lead-plated. Hods of carbon can be plated with lead dioxide. None 
of these, however, has found extended use. 

The Pasting Process 

General Characteristics of the Pastes. The pastes now commonly 
used in making the familiar pasted-plate batteries are prepared by 
mixing some particular lead oxide or a blend of oxides with a dilute 
solution of sulfuric acid. Reactions occur that result in the forma- 
tion of basic lead sulfate and the liberation of considerable heat. 
The temperature of the mixture rises to a maximum, which must be 
passed to avoid premature solidification before the paste can be applied 
to the grids. The lead sulfate is the cementing material which makes 
a firm plate that can be handled in the processes to follow. The lead 
sulfate also expands the paste (^‘bulking’^ , and this has an impor- 
tant effect on the subsequent operating characteristics of the finished 
battery. Too little expansion results in hard, dense plates and need- 
less limitation of the ampere-hour capacity of the battery. They 
may fail in service by buckling. On the other hand, too great expan- 
sion may result in shedding of the active material and thereby shorten 
the useful life of the battery.^ ^ 

Manufacturers individually have their specifications for the con- 
sistency of the paste and its “gram weight.” This refers to the grams 
per cubic inch or as it is sometimes called the “cube weight.” Natu- 
rally this varies with the processes employed, but several published 
statements indicate 64 to 67 grams per cubic inch for positive-plate 
pastes and 69 to 71 grams per cubic inch for negative pastes as being 
usual. In general the pastes when ready for application to the grids 
have the consistency of a fairly stiff mortar. There are several 

31 O. W. Brown, R. L. Shelley, and E. W. Kanning, Expansion as a controlling 
factor in positive-plate composition for lead storage batteries, Trans. Electrochem. 
Soc., 64, 355 (1933). 
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methods of measuring the consistency for purposes of manufacturing 
control. These include the use of a cone penetrometer, or allowing 
a cylinder of the paste to fall on a plate from a specified height and 
measuring the resulting deformation. 

Many variations in the conditions of preparing and applying the 
paste are possible. Experience is an important factor in perfecting 
the proper methods and technique. Variations in the physical and 
chemical characteristics of the oxides, the percentage of true red lead 
which is present, the temperature and strength of the acid solution, 
the time of mixing, the treatment of the plate during and after the 
pasting process, and even the atmospheric humidity are among the 
conditions that affect the finished product. By attention to such 
details, control may be obtained of the bulk of the paste, the time 
of setting, the hardness of the plate, the time required for formation, 
the initial capacity when put in service, and, to a limited extent, the 
life of the plate. 

Litharge has a valuable cementing action when mixed with any 
one of a variety of solutions of acids, bases, and salts. With glycerin 
it forms a hard, strong mass that is too limited in porosity for 
present-day battery uses but is well known as a cement for other 
purposes. With other solutions, including those of sulfuric acid or 
ammonium or magnesium sulfates, porous masses are prepared which 
are much more suitable for use as active material in batteries. The 
ammonium sulfate process which was a favorite years ago, like the 
others, has given way to the acid pastes of today, lied lead, PbaO^ , 
is much less reactive than litharge with these solutions, but battery 
red lead usually contains about 25 per cent of litharge. Mixed with 
sulfuric acid the paste darkens as lead dioxide and water are formed 
along with the sulfates. Some types of plates today are made with 
the red lead exclusively, but for the type of battery most familiar 
to the public, the automotive battery, red lead is blended with the 
uncalcined oxides to the extent of about 20 per cent. It has some 
advantages in regulating the time needed for formation, and it pro- 
vides a battery whose capacity quickly reaches its maximum value. 
In too large amounts, however, red lead may shorten the useful life 
of the battery. Red lead and litharge are still important materials, 
but the trend began about 25 years ago toward the use of high- 
metallic uncalcined oxides, such as the oxides made by attrition of 
lead balls agitated in air or the Barton oxides, both of which contain 
20 to 50 per cent pulverized lead. These are highly reactive with the 
sulfuric^ acid solutions, and they oxidize rapidly in the presence of 
moisture. 

Formulas for the pastes are strictly the manufacturer's prerogative. 
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and they vary with the type of battery to be made and the operating 
characteristics that he wishes to obtain. Merely as an indication of 
what to expect of pastes for automotive batteries, Ritchie^^ gays that 
many formulations of paste for negative plates will be close to the 
following composition: blanc fixe 0.50 per cent; lampblack 0.20 per 
cent; organic 0.30 per cent, and leady materials 99 per cent. Pastes 
for positive plates also contain a preponderating amount of the un- 
calcined oxides blended with perhaps 20 per cent of the red lead,j 
Pb304. 

Mixing the Ingredients. The dry materials, having been carefully 
weighed and blended in a mixing machine, are made into a paste with 
a solution which is usually dilute sulfuric acid. If this has a specific 
gravity of 1.100 or less, the solution can be added directly to the 
dry mixture of the oxides and expanders, provided that they have 
been thoroughly blended. The more usual procedure, however, is to 
add a considerable portion of water to the oxides before adding a some- 
what stronger solution of the acid (sp. gr. 1.200 to 1.400). This has 
the advantage of eliminating dust and prevents the formation of a 
gritty paste which would otherwise result from using a solution of such 
strength. The acid must be added slowly while mixing is continued. 
A final portion of water can then be added as required to bring the 
paste to the proper consistency. 

The amount of H2SO4 in solution, regardless of its exact concentra- 
tion, determines the amount of basic lead sulfate formed and conse- 
quently the expansion or bulking of the paste. If not carried too far, 
the capacity of the positive plates will increase as the expansion is 
increased. For factory control, the expansion of the paste may be 
measured by determining the weight of a specified volume of the 
paste, as was done in determining the apparent density of the dry 
oxides. 

Mixing must be continued until the paste has become uniform and 
of the proper consistency to be applied to the grids. Consistency of 
the paste is controlled largely by the amount of water. The finished 
paste should be reasonably stiff when it is applied to the grids. Too 
soft a paste produces soft plates and is liable to form slick surfaces 
which usually blister when the plates are formed. Consistency is 
usually expressed by some arbitrary scale of numbers, which, properly 
interpreted, indicates whether the desired uniformity of the paste is 
being attained. Otherwise these numbers have little physical sig- 
nificance. 

In order to obtain thorough mixing within 5 to 15 minutes, mechani- 
Ritchie, loc, cit. 
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cal mixers are commonly employed. These must not contaminate the 
paste with impurities that would be injurious to the battery. A mixer 
which can be cleaned easily is desirable. 

Applying the Paste. The paste is applied to the grids by hand 
labor in many of the smaller manufacturing plants and by machine 
pasting equipment in most of the larger plants. When the work is 
done by hand, the paste is spread upon the grids with a wooden spatula 
or a smoothing trowel. A sheet of paper may be interposed between 
the table and each grid. Paper is used also to cover the plate after 
pasting. The paper keeps the paste from adhering to the table and also 
takes up sonie of the moisture. It is more usual now to rack the plates 
immediately after pasting them. Sufficient pressure must be applied 
to force the paste into intimate contact with the cross bars of the grid. 
The grids must be free from grease and dirt before pasting is begun. 
Sometimes they are washed and dipped in a dilute solution of sulfuric 
acid before being pasted. 

Machines of several types have been developed for pasting the 
plates. In the machine operation, the grids pass under a hopper from 
which approximately the right amount of paste is received. This is 
pressed into the grids as they pass along, and the excess of paste is 
removed. Sometimes the plates are partially dried also before leaving 
the machine. The papers used in the hand-pasting process are not 
required in machine pasting. 

Basic Sulfates in the Paste. The presence of basic sulfates in the 
paste has been recognized for a long time, but now it is possible to 
identify these basic sulfates by the use of X-rays. Mrgudich^s says 
that, as sulfuric acid is added to lead oxide of the tetragonal variety 
containing 10 to 20 per cent of finely divided unreacted lead, the first 
reaction is assimilation of the sulfate groups into the oxide lattice 
without the precipitation of any known stoichiometric compounds. 
These groups occupy unstable positions in the lattice, straining it and 
imparting to it an excess of potential energy which he believes accounts 
for the properties of adhesion and cohesion. Others have questioned 
the validity of his conclusion. The paste which he prepared in various 
size batches maintained a fixed ratio of acid to oxide. Its composition 
was 51 ml of 1.400 sp.gr. sulfuric acid to 1 kilogram of the oxide. In 
the various samples he observed small amounts of tetrabasic sulfate, 
4Pb0-PbS04, which increased to 70 per cent when the pasted plates 
were dried in superheated steam. These plates were said to be satis- 
factory, but others in which the basic sulfate initially had amounted 

33 J. Nr Mrgudich, X-ray studies of storage-battery pastes, Trans. Eleetrochem. 
Soc., 81, 165 (1942). 
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to 60 per cent or more as a result of too high a temperature were 
definitely unsatisfactory. In these pastes the PbO lattice was de- 
stroyed and replaced by lattices characteristic of the basic sulfate 
and lead. As the paste stability increased, the activity decreased. 

His next experiments were to determine the effect of changing the 
ratio of acid to oxide. Increasing amounts of acid, up to double that 
used above, provided progressively increasing modifications in the PbO 
pattern without any new compound appearing until rather suddenly 
the basic sulfate changed to 3Pb0*PbS04, and this continued until 
a maximum was reached when 154 ml of the 1.400 sp.gr. acid had been 
used. 

Determinations by Lander^^ support the formulas for basic sulfates, 
lie experimented with compounds prepared both by fusion and in the 
'Vet way.'^ By X-rays be found the tetrabasic sulfate, 4Pb0*PbS04, 
and the monobasic sulfate, Pb0*PbS04. Between these is a hydrous 
compound, as he calls it, the tribasic sulfate, 3Pb0*PbS04*H20, which 
is most important. The tetrabasic sulfate occurs at high temperatures. 

Exposure of dried unformed plates for several months may pro- 
duce surface films of basic carbonates of which several are known: 
2PbC03-Pb(0H)2 and 4PbC03*2Pb{0T-T)2*Pb0 are recognized to- 
gether with the ordinary lead carbonate, PbCOa. The formation of 
these carbonates imparts additional hardness and strength to the 
plates. 

Curing of Pasted Plates. With the modern trend toward the use 
of uncalcined litharge containing a considerable percentage of finely 
divided metallic lead have come significant changes in the methods 
of handling plates immediately after being pasted. The need for such 
changes*’ 5 arises from the peculiar behavior of the pulverized lead in 
the presence of air and moisture. In a perfectly dry condition the 
lead does not oxidize, and this is equally true in an abundance of water. 
The latter condition is beneficial in operations up to the actual pasting 
of the plates, but after the paste is applied to the grids the residual 
moisture, the atmospheric humidity, and the ambient temperature all 
become significant. The problem is then to control these three factors 
so that oxidation to litharge occurs and the free lead content is reduced 
from about 25 or 30 per cent to about 5 per cent. Positive plates 
properly treated become strong and are still quite porous. Negative 
plates are less sensitive to these conditions. 

J. J. Lander, Compound formation between lead monoxide and lead sulfate, 
Naval Research Lab. Kept. C-3262 (1948). 

35 R. H. Greenburg, F. B. Finan, and B. Agruss, The curing of lead storage- 
battery plates, J. Electrochem. Soc., 98, 474 (1951). 



Materials and Methods of Manufacture 


35 


With residual moisture between 7 and 8 per cent, the rate of oxida- 
tion of the lead is a minimum, but further decrease in tlic moisture 
content by only 2 per cent, that is, to between 5 and 6 per cent, 
increases the rate of oxidation more than tenfold. The reaction is 
exothermic, and the heat liberated helps to dry the plates. 

Practical operations with the uncalcined litharge having a high 
metallic lead content follow the usual procedures: first mixing with 
water, followed by the gradual addition of sulfuric acid solution (about 
1.400 sp. gr.), and continued mixing until the temperature has passed 
its maximum and fallen 30° F or more. Too rapid addition of the 
acid should be avoided, as otherwise the mix temperature is likely to 
exceed 140° F, which is high enough. The pasted plates are passed 
through a flash drier to remove excess moisture and to permit stacking 
for 3 to 4 days, during which the changes outlined above occur. The 
plates will become warm in the stack as oxidation of the free lead 
occurs, but they cool down as the net lead content approaches 5 per 
(ient. Aside from the improved strength of the dried plates, an excess 
of free lead over 5 per cent is undesirable as it is likely to cause 
washing or scaling of positives in the forming baths or in service life. 
Negative plates can be made directly from these materials with the 
addition of the expanders. In general the practical procedures are 
much the same as for the more critical positive plates, but the cube 
weight of the paste is slightly higher. 

Calcined litharge and its blends with red lead arc used less than 
formerly in making pastes but are still important. The red lead forms 
quickly and can be used to adjust the relative time of formation of 
positive and negative plates when formed together. The curing of 
freshly pasted plates has followed different processes. Probably the 
more common practice at the present time is to cure them in a tunnel 
drier under carefully controlled conditions of temperature, time, and 
humidity. The manufacturer has the choice of completely drying the 
plates before formation or transferring them to soaking baths or form- 
ing tanks while they are still in the moist condition. Freshly pasted 
plates require rapid handling, because partial drying is likely to lead 
to difficulties when the plates are formed. 

Plates which are to be dried are often dipped for a few seconds in a 
solution of sulfuric acid (1.100 to 1.125 sp. gr.). Before this is done, 
however, the papers, if used, should be stripped from them. After 
being dipped, the plates are drained, racked, and allowed to dry. Dip- 
ping increases slightly the amount of sulfation and lessens the tendency 
for the paste to crack or check. Drying at ordinary temperatures and 
humidities requires 2 to 4 days, but at 100 to 150° F (38 to 65° C) 
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they may be dried in 12 to 15 hours. Ovens providing controlled 
liumidity at elevated temi)eratures can be used to advantage. The 
humidity is initially high, usually at the saturation point, but this is 
reduced gradually and the temperature is raised as drying i)roceeds. 
Thorough drying is necessary to avoid ‘^popping” (loosening of the 
pellets) when the plates are formed. Abrupt changes in temperature 
and pressure during the drying process should be avoided. In no 
event should the plates be subjected to freezing temperatures. j 

Plates which are to be treated by the “weP’ process must be pro-\ 
tected by damp cloths or equivalent means after being pasted until' 
they are transferred to the soaking or forming tanks. Soaking, which \ 
differs from dipping mainly in the longer time that the plates are 
immersed, is usually done in special tanks. The time retpiired varies 
from a few hours to a day or more, depending on the strength of the 
solution. The specific gravity of the solution falls rapidly at the 
beginning, but the rate decreases as time goes on. This decrease in 
specific gravity serves as an indication of the amount of lead sulfate 


Tablh 4. Weight of Acid Consumed during Soaking Process 
(Weight is given in grams for sp. gr. 1.250 to 1.050, 27° C [80° F]) 


Time, 

1.250 

1.200 

1.150 

1.100 

1 050 

lir 

sp. gr. 

sp. gr. 

sp. gr. 

sp. gr. 

sp. gr. 

2 

1.99 

2 50 

2.27 

1.57 

0.96 

5 

2.39 

2.82 

3 27 

2 59 

1 . 50 

21 

3.12 

3.46 

4.28 

4.83 

4.50 

45 

3.23 

3.48 

4.92 

5.22 

5.31 


formed in the plate. The initial strength and volume of the solution 
being known, reasonably accurate calculations can be made, if corrcc- 
tion is made for dilution of the acid by moisture in the plates and for 
evaporation. The time is reduced if the acid is relatively strong, but 
more lead sulfate is formed when weaker solutions arc used, provided 
that sufficient time is allowed for the acid to penetrate the plates. 
Table 4 gives the results of experiments on small plates soaked in 
solutions of several strengths. A specific gravity of 1.250 is obviously 
too high and 1.050 too low. The time for soaking varies with the 
thickness of the plates. If the soaking process is omitted, the plates 
may go from the pasting room to the forming tanks. 

Other Materials Used in Pasting the Plates. A lead compound 
consisting of 20 per cent lead oxide and 80 per cent lead sulfate 
chemically combined, known as ‘‘superite,” has been produced for use 
with the ordinary lead oxides in preparing the paste with the object of 
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increasing the bulk of the paste. From 5 to 10 per cent of tliis material 
may be mixed with the lead oxides and subsequently formed into the 
active material of tl\e ])lates. Pr(‘eipitated leiid s\ilfate is also used 
similarly. 

Hardeners and binders were occasionally addc'd in the preparation 
of the paste, to increase the coherence and hardness of the plate. A 
great variety of substances has been used for this purpose. Glycerin 
and carbolic acid are jirobably the best known of these materials for 
making hard plates, but the present practice is to control the plate 
hardness by proper processing of oxides and solutions rather than by 
resorting to the use of hardeners. 

Another class of materials, called porosity agents, was sometimes 
employed in the preparation of the paste. These are substances that 
can be dissolved out of the paste when the setting process is complete. 
They increase the bulk of the paste. Magnesium sulfate is the best 
known of these, but other sulfates and e\'en sugar have been used. 
A magnesium sulfate paste has a good c(‘inenting action because of 
the crystalline structure formed as the ])aste dries, but a reaction such 
as that with ammonium sulfate seems to be lacking. 

Other Kinds of Paste. In addition to tlu‘ pastes that arc commonly 
used as described above, there are a number of others that deserve 
brief notice. One of these is the so-called lead sulfate paste, which 
is made from lead sulfate mixed with ammonium hydroxide, NH 4 OH. 
This paste is made into a thick dough and hai’dens when dried. The 
plate is formed in a bath of ammonium sulfate containing a small 
percentage of free ammonia. In this bath the sulfate can be reduced 
to the form of lead sponge, and positive plates are prepared by oxida- 
tion from the negatives. Glycerin paste consists of approximately 75 
parts of litharge mixed with 25 parts of glycerin. This paste forms an 
unusually hard plate. Lead chloride paste is usually cast in the form 
required with 10 per cent of zinc chloride. Lead carbonate paste .is 
made from basic or normal lead carbonate and lead oxide, and formed 
into a paste in an alkaline solution. Negative plates are prepared from 
this paste by reduction, and the positive plates are prepared by oxidiz- 
ing the negative plates. Alkali pastes arc prepared from litharge 
mixed with a solution of caustic potash having a sj)ccific gravity of 
about 1 . 10 . 

Formation of Pasted Plates 

The plates are electrolytically oxidized and reduced in dilute sul- 
furic acid or a sulfate solution. The plates that are to become the 
positives are made the anode in the forming tank, container, or jar, 
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and the plates for the negatives are made the cathode. The word 
“formation^^ applies primarily to Planters process for increasing the 
capacity of the plates in his cell. This is a process quite different from 
that used for developing the pasted plate batteries, but the word 
“formation^^ is now in common parlance applied to the pasted plates 
as well. Formation, as applied to the Plante plates, means the crea- 
tion of a layer of sponge lead on the surface of the negative plates 
and of lead peroxide on the positives to constitute the active material^ 
of the cell. Formation of pasted plates, on the other hand, means th^ 
oxidation or reduction of the lead oxides or other materials which hav^, 
been applied to the grids. \ 

Positive plates, alternating with negatives, are mounted in tanks \ 
or other containers which provide for proper spacing of the plates and 
insulation l)etween those of opi)osite polarity. The tanks may be of 
vitreous material, hard rubber, or wood with lead lining. Some manu- 
facturers, however, prefer to assemble the plates in groups or complete 
elements before formation, which is then done in tanks or in the con- 
tainers that are to serve for the finished battery. In any event it is 
presumed that the forming time for positives and negatives is about 
the same. This can be regulated by the composition of the paste and 
to some extent by the strength of the forming acid. Positive plates, 
more than negative plates, are subject to harmful effects of overfor- 
mation. It is preferable, therefore, that the negatives should finish 
first. Some variations in procedure of forming jilates are indicated 
below, but exiicrience in forming plates, prepared in a particular way, 
is the safest guide. 

The strength and amount of sulfuric acid used will depend upon the 
pervious treatment of the plates. Usually it is in the range 1.050 to 
1.150 sp. gr. Increasing the strength of the acid increases the time 
required for forming positive plates. 

Dry plates and those which arc still wet from the pasting process 
will sulfate when they are immersed in the solution, and its specific 
gravity will decrease rapidly. The wet plates will cause further dilu- 
tion of the solution, because they contain a considerable amount of 
water. Such plates are often allowed to soak, partially at least in 
the forming solution. Plates which have been dried must be allowed 
to remain in the solution long enough for the acid to penetrate the 
pores of the plate before beginning the forming charge. The pores 
at this time are not as open as they will be later. When a large 
group of tanks is filled with plates, those plates in the tanks -filled first 
are necessarily immersed longer than those in the tanks filled last. 
Some manufacturers, therefore, make a practice of allowing an hour 
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or more to elapse after the last tank is filled as a ^'tinie of set'' before 
starting the charging current. 

Plates that have been soaked, on the other hand, have reacted with 
the sulfuric acid and they contain a relatively large amount of sulfate. 
They will, therefore, have less effect on the forming solution initially, 
but in the later stages of the forming jwocess they will greatly increase 
the specific gravity, because of lead sulfate derived from the plates. 
For this reason the initial specific gravity of forming solutions used 
with these plates is usually low. The charging current can be started 
promptly after the plates are immersed. 

Formation undoubtedly starts in the region where the poorly con- 
ducting paste is in contact with the better conducting grid bars. For 
this reason, formed material, particularly of soaked plates, is observed 
around the edges of the pellets while the center portion still has a hard 
white core. It may be necessary to interrupt the charge and to make 
a discharge before resuming formation. This helps to counteract the 
tendency to overformation and softening of the positive active mate- 
rial. Other corrective measures include decreasing the strength of the 
forming solution and decreasing the current density. 

Completion of formation is indicated by (1) the color of the active 
materials, that is, the plates have ‘‘cleared" and arc uniform in color; 
(2) plates gassing normally; (3) cadmium readings arc constant and 
of normal values. The exact values of the cadmium readings will 
dei)end on various conditions, but they arc usually in the range 2.30 
to 2.45 volts for the positive ])lates and —0.05 to —0.20 volt for the 
negative plates. The cadmium readings on positives may reach con- 
stant values several hours ])rior to complete clearing, but this is usually 
not true of the negatives. 

The proper charging current Avill depend on the thickness and type 
of plates and on the temperature. For the more common sizes of 
automotive plates the current is usually spe(;ified as 0.75 to 1.50 
amperes per positive plate. At 1 ampere the forming time is about 
45 to 50 hours. Foaming and excessive gassing must be avoided. 
When either of these occurs the current should be reduced. It is 
customary in forming plates to provide a rest period of 2 to 4 hours 
when the current is cut off altogether or greatly reduced. This is 
necessary for best results on positive plates and avoids soft edges of 
the pellets. A second rest period is sometimes provided also. ^ The 
current is used more effectively at lower rates, and these are desirable 
for thin plates. For plates in general a current density of 0.2 to 0.5 
ampere per dm^ (2 to 5 amperes per square foot) is reasonable. The 
area is reckoned as the apparent surface of both sides of the plate. 
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Some modifications must be made when the plates are formed in 
small tanks. These relate chiefly to the strength of the forming solu- 
tion and the available volume of solution. This is important when the 
plates are formed in containers which are to serve for the finished cells. 
In that event when the elements are assembled with moist separators 
they carry enough water to dilute the forming solution appreciably. 
Assembled elements are usually allowed to stand in the forming soli:)- 
tion several hours before beginning the charge. After formation is 
completed, it is advisable to pour out the electrolyte and replace k 
with acid of a strength that will finish at a specific gravity of 1.260 to 
1.280 when the battery is fully charged. The initial charge, distin-^ 
guislied from the forming charge, is usually done at a current rate of \ 
0.75 to 1.00 amjiere per positive ])late of the automotive size. 

Groups of jilates which have been formed in tanks or slotted rubber 
cases may be drained at the end of the forming process. Positive 
plates are sometimes rinsed and dried. Negative plates will become 
hot during the drying, because of oxidation of the sponge lead in the 
air. They may be cooled somewhat by forced circulation of air. Such 
plates must be regarded as being in a discharged state, although they 
contain little lead sulfate. When they are assembled into batteries 
a prolonged initial charge is necessary. 

After the plates are formed some of them are dried by processes 
known and approved by the individual manufacturer. The oldest and 
simplest is air drying, which requires several days. Special methods 
for drying plates to be used in dry-charged batteries are described 
below. Other plates are assembled into elements while moist. It 
should be remembered that plates containing an appreciable amount 
of sulfuric acid will not dry completely in the air because sulfuric acid 
is hygroscopic. Negative plates must be cooled. 

Although tank formation is regarded by many storage-battery 
engineers as the best process, many of the smaller types of batteries 
are container- or jar-formed. Either of two processes is involved: 
(1) Two-step formation, which means that, after the pasted plates 
have been conditioned and properly aged for a period of about 4 days, 
they are assembled into elements and immersed in a relatively low- 
specific-gravity solution of sulfuric acid in the containers that are to 
be parts of the finished batteries. The plates and separators are 
allowed to absorb electrolyte before charging begins. A rest period 
is provided, and the charge is resumed and continued (with perhaps a 
second rest period) until the plates have cleared. The electrolyte is 
then dumped, and the batteries are refilled with fresh electrolyte which 
will finish at the proper specific gravity at the conclusion of the charge. 
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(2) One-step or one-shot formation consists of immersing the processed 
plates assembled into an element in somewhat stronger solution of 
sulfuric acid. Reactions with the lead and oxides of the plates cause 
a marked rise in temperature. The maximum must be passed and 
the batteries cooled before charging is begun. If the modified constant 
potential charge is applied, the current will begin at a low rate because 
of the high internal resistance of the cell. The current will rise as 
formation progresses and ultimately fall to a low finishing rate as the 
counterelectromotive force of the cell increases to its maximum value. 
The electrolyte chosen for this one-step process of formation should 
have an initial specific gravity such that it will have the desired final 
specific gravity when the process of formation is completed. The 
relative merits of formation in tanks or in containers using the one- 
or two-step processes are the subject of controversy. 

Plates for Dry-Charged Batteries. The positive plales i)rcscnt few 
difficulties. They may be dried after formation by customary methods. 
For best results they currently arc washed in several changes of water 
to eliminate the acid. The plates then contain 80 to 90 per cent of 
lead dioxide, Pb 02 , several per cent of lead sulfate, PbS 04 , and the 
remainder unconverted lead oxide, PbO. The dried plates can then be 
stored indefinitely. 

The negative plates are more critical. Because they oxidize rapidly 
w'hen charged and exposed to air in a moist condition, they must be 
exposed as little as possible and rinsed and dried rapidly. Various 
methods specify drying ip inert atmospheres, such as carbon dioxide,^ ^ 
nitrogen, or a vacuum with applied heat. The use of infrared lamps’^ 
has been mentioned. One method described by the Lagle-Picher Lead 
Co.^® involves the use of superheated steam at 360 to 370 F for diying, 
followed by cooling in saturated steam at a lower temperature. Cool- 
ing must be continued until the temperature is safely below 300 F, 
since moist plates will ignite at that temperature spontaneously. 
Further cooling and drying is accomplished in an air blast. 

Effect of Temperature on Formation. Investigations on the effects 
of formation temperatures have shown the importance of knowing and 
controlling the temperatures that occur, and they illustrate the well- 
known fact that conditions favorable to one plate (e.g., the positives) 
are detrimental to plates of the other polarity, and vice versa. For- 
Makio, Drying and storage of secondary battery plates in the charged 

state, Trans. ElectTochcrn. Soc.f S3, 251 (1928). 

37 E. Jirik and A. J. Mcllwraith, Battery plates dried with infrared lamps, 

Elec. World, m, 150 (Sept. 14, 1946). , ^ u 

38 M. F. Chubb and P. F. Ebert, Performance characteristics of dry-charged 

batteries, No. 5 Eagle-Picher Lead Co., 1943. 
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mation temperature affects the structure of the active material. 
Greatly improved cold capacity with only minor decrease in life can 
be obtained by keeping the plates cool during formation, especially 
during the first half of the forming period.^® 

Formation at 80° F j)rovides 50 per cent more cold capacity from 
pasted-plate automotive batteries than formation at 115° F. The 
negatives are better, but the life of the battery is likely to be less. 
On the other hand the positive plates formed at 115° F are better 
than those formed at 80° F. Lynes and his co-authors gave interest- 
ing data on the variability to be expected in routine laboratory testing, 
and they showed what pitfalls the uninitiated may encounter as a 
result of differing tem])eratures of formation, open-circuit stands, deep 
discharges, and conditions of cycling. 

Other authors have found the low temperatures favorable for forma- 
tion of negative plates. Hatfield and Brown^^ used negative plates 
formed at 20° F with positives formed at 90° F, and vice versa. 
Current rates for forming negative plates at 20° F are necessarily 
limited, and the i)lates do not clear as readily at 40° F as at higher 
temperatures. 

Greenburg and CaldwelOi showed that a decrease in forming tem- 
perature is accomi)anied by a decrease in the percentage of PbOo and 
an increase in an unidentified compound which they call ^^apparent 
PbO.” They investigated the effect of temperatures between +70 and 
—2° C (158 and 28° F). The composition of positive active material 
formed at 8° C showed 75.3 per cent PbOo and 4 per cent PbS04, the 
remainder being the ap])arent PbO. On the other hand formation at 
71° C yielded 93.8 j^er cent PbOo, 0.5 per cent PbS04, and 5 per cent 
PbO. They say that the PbOo is more reactive when formed at lower 
temperatures, and in this they agree with Hatfield and Brown, who 
say that it has greater initial capacity. The authors do differ, how- 
ever; Hatfield and Brown say that positive plates cannot be satisfac- 
torily formed at 150° F, but apparently the others did it. Lead sulfate 
forms more rapidly in newly formed active material of the positives 
than the negatives, as judged by the percentage of lead sulfate at the 
end of 14 days. This seems surprising. It is greater also in positive 
active material formed at lower temperatures. 

39 T. C. Lyncs, F. Hovorka, and 1j. E. Wells, Storage-battery formation tem- 
perature and cold capacity, Ind. Eng. Chem., 37, 776 (1945). 

E. Hatfield and O. W. Brown, Influence of temperature of formation on 
the initial capacity and life of pasted SLI battery plates, Trans. Electrochem. 
Soc., 72, 361 (1937). 

R. H. Greenburg and B. P. Caldwell, Effect of forming temperature on lead 
storage-battery anodes, Trans. Electrochem. Soc., 80, 71 (1941). 
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Changes in Porosity. The lead sulfate which remains in the final 
composition of the plate is of great importance as a binder of the 
active material. This small percentage of sulfate remaining is not 
easily removed by excess charging. 

Important changes in volume of the active material occur during the 
forming process. Tlic lead sulfate is considerably less dense than the 
peroxide or sponge lead of the finished plates (Table 5). During 
the forming process, therefore, the pores of the plate oi)en. This per- 
mits the electrolyte to come in contact with the material in the inner 
recesses of the plate. The porosity which tlie plate acquires during the 
forming process is of importance not only in the formation but also 
in the subse(|uent operation of the finished cell. In Table 5 are given 
the densities for the various materials found in the paste and in the 
finished plates. 


Taule 5. Densities of Materials 


Material 

Formula 

Density 

I^ead 

Pb 

11.3 

Litharge 

PbO 

9.5 

Minium (red lead) 

Pb304 

9.1 

Lead dioxide 

PbOg 

9.37 

Lead sulfate 

PbS04 

6.3 

Lead chloride 

PbCU 

5.8 


Electrochemical Equivalents. It is of interest to consider the oxida- 
tion and reduction processes that take place during formation of the 
jiositive and negative plates, and to calculate the number of ampere- 
hours per kilogram of material that are required in accordance with 
Faraday’s law. When litharge, PbO, is oxidized to lead dioxide, 1 atom 
of oxygen is added to the PbO molecule. The molecular weight of 
PbO is 223.2. The amount of oxygen to be added per kilogram of 
material is therefore 

1000 X 16/223.2 = 71.7 grams 

The equivalent of oxygen in ampere-hours per gram is 3.350. This 
value may be calculated from the following formula: 96,500 cou- 
lombs, ^ 2 representing the number of coulombs required for the libera- 
tion of 1 gram equivalent of a substance, multiplied by 2, the valence, 
divided by 16, the atomic weight of oxygen, and divided by 3600, the 
number of seconds in 1 hour. The product of the equivalent of oxygen 

discussion of Faraday's law in Chapter 4 for the most precise value of 
this constant. 
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and the number of grams, 3.350 X 71.7, equals 240.2 ampere-hours per 
kilogram. Since the reduction of litharge to lead involves the taking 
away of 1 atom of oxygen from the molecule PbO, exactly the same 
number of ampere-hours per kilogram is required for the reduction of 
1 kilogram of material. In Table 6 is shown the number of ampere- 
hours per kilogram of material required for the oxidation to the dioxide 
state or the reduction to sponge lead of the various materials that are 
used for pasting storage-battery plates. These are the minimum fig- 
ures and are exclusive of the energy that is wasted by gassing during 
the forming process. In calculating the values for minium, it is 
assumed that Pb 304 represents the composition of the material. 

Tablp] 6. Ampere-hours per Kilogram Required for the Oxidation 
AND Reduction of Oxides, Chlorides, and Sulfates of Lead 


Material 

Reduction to Lead, 
amp-hr 

Oxidation to PbO: 
amp-hr 

PbO 

240 

240 

Pb304 

313 

150 

PbS04 

170 

170 

PbClo 

193 

193 

Pb 


514 


Since th(^ material of the plate at the beginning of the formation 
process consists of lead, one or more of the oxides, and a (‘.(^rtain amount 
of lead sulfate, the following example is given to illustrate the use of 
the table in computing tlie theoretical number of ampere-hours required 
for the formation of a negative plate. In this example we shall assume 
that the plate, exclusive of the grid, weighs 300 grams and contains 
20 per cent of lead sulfate and 80 per cent of lead oxide, PbO. From 
the table we compute at once that the number of ampere-hours required 
0 20 X 300 

for the lead sulfate is X 170 = 10.6. Similarly, the number 

1000 


of ampere-hours required for the reduction of the lead oxide,. PbO, is 


0.8 X 300 

1000 


X 240 = 57.0. 


The total number of ampere-hours required, 


therefore, for both materials is 08.2. This example may be solved by 
another method if the electrochemical ee\uivalent of lead is known. By 
this method the amount of lead in each of the constituents of the paste is 
calculated. 


0.20 X 300 = 00 grams of PbS ()4 = 41 grams of Pb 
0.80 X 300 = 240 grams of PbO = 223 grams of Pb 
Total weight = 264 grams of lead 
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The electrochemical equivalent of lead is 3.865 grams per ampere-hour. 
The number of ampere-hours is therefore 264 divided by 3.865 = 68.2 
ampere-hours, which is the same result as was obtained in working this 
example by the first method. 

The efficiency of the formation process depends largely on tlie 
amount of gas evolved. Ordinarily the efficiency of the forming 
process will not exceed 50 per cent. It is necessary, therefore, to 
double the answer obtained in the example, in order to obtain the 
number of ampere-hours required in ordinary practice. If the forma- 
tion process is continued beyond the ordinary stopping point, the 
efficiency will be considerably lower. The elimination of tli(‘ last tracers 
of sulfate in the plates is difficult and not desirable, since this small 
amount of sulfate is in effect a cement to hold the active material of 
the plates together. 

The potential relations of the plates during the forming process 
are of importance, since the potential that must be applied to them 
multiplied by the number of ampere-hours determines the energy and 
therefore one factor in the expense involved in the process. The po- 
tential of the negative plates during the forming process is measured 
against the positive plates or the dummies, which are essentially posi- 
tive. The potential difference between the negative plates and the 
dummies increases toward the end of the forming process in accordance 
with changes in the ionic concentration. The lead sulfate of the plates 
dissolves to a slight extent in the electrolyte and in dissociating forms 
lead ions, Pb+ + . These ions are deposited on the negative plates 
during the forming process. As they deposit, more lead sulfate dis- 
solves, and when the lead sulfate is almost exhausted near the end of 
the process, the lead ions become scarce and the potential difference 
rises to the point where hydrogen ions, H~^, arc liberated. The poten- 
tial of the positive plates during formation is similarly measured 
against the negative plates or dummies in the forming bath. This 
potential difference is about 2.3 volts at the beginning. I his voltage 
decreases to slightly less than 2 volts after the forming process begins, 
owing to the decrease in the resistance of the material of the plates. 
It rises again during the latter part of the formation period to 2.45 

volts or higher. • u • 

Much gas is evolved during the formation process. Gassing begins 
normally before the time the theoretical number of ampere-hours for 
the reduction or oxidation of the material in the plates is completed. 
The conditions which determine gassing depend on the relative number 
of lead ions, Pb+’*-, and hydrogen ions, H+, in the electrolyte when 
forming negative plates. Since a scarcity of the lead ions raises the 



46 


Storage Batteries 


potential of the negative plates, which, during this process, are the 
cathodes, to a point where hydrogen ions are liberated, it is possible 
to increase the efficiency of the formation process by maintaining a 
plentiful supply of the lead ions or keeping the hydrogen-ion concen- 
tration low. Some of the manufacturing companies in Europe have, 
therefore, made use of forming baths which are solutions of neutral 
sulfates of aluminum and magnesium, because the hydrogen-ion con- 
centration in these baths is much less than in the sulfuric acid solutions. 
Heating the electrolyte is a way of increasing the concentration of the 
lead ions, but this may loosen the active material of the plates. 
Similar relations with resj)ect to the oxygen evolution hold in the form- 
ing process for the positive plates. Neutral solutions have been used 
in P]urope in forming these also. 

The formation of plates pasted with materials other than the oxides 
ordinarily used is of much less importance, but it is interesting to note 
that plates have been successfully formed from lead sulfate and lead 
chloride pastes. The plates pasted with lead sulfate are formed very 
much as are the oxide plates. Since lead sulfate is a non-conductor 
of electricity, the jilates have a very high resistance initially. Plates 
l)astcd with lead cdiloride are formed in quite a different way. This 
paste is soluble and cannot be peroxidized directly, since the lead 
chloride would go into solution and the lead would be precipitated on 
the cathode with the liberation of chlorine at the anode. The lead 
chloride paste is therefore reduced in a bath of zinc chloride with a 
plate of zinc which, with the lead chloride, forms the elements of a 
primary cell. During this process the lead chloride, PbClo, is reduced 
to lead, and the zinc becomes zinc chloride, ZnCl2. Positives are 
formed electrochemically. 

The positive plates, after formation, may be preserved in the dry 
state. Negative plates, however, if dried in air will become hot, owing 
to the formation of oxide, and will again require a prolonged charge 
before they can be made ready for use. 

PLANTE PLATES 

Manufacture of Plante Plates 

The essential difference between Plante plates and pasted plates 
consists in the fact that the active materials of the former are derived 
from the body of the plate itself, whereas for the latter they are formed 
from oxides or other pastes applied to the plate mechanically. The 
active materials of the Plante plate are obtained by oxidizing the sur- 
face of the lead plate or reducing this material to sponge lead. A plate 
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intermediate between the pasted and Plante varieties consists of a 
soft-lead grid pasted with the oxides and formed. The active material 
gradually falls out, but the capacity is maintained by the corrosion of 
the grid. In this way the plate becomes essentially a Plante plate. 
Plante plates serve quite a different purpose from the pasted plates. 
Ihey are ordinarily much larger and heavier than the })asted plates 
and have a relatively smaller capacity. They are used chiefly for 
stationary batteries, in which considerations of space and weight are of 
less importance than durability. 

Ihe essential parts of the Plante plates are the underlying portion of 
lead and the developed surface which consists of a number of leaves 
designed to increase tlie surface of the plate and thereby increase the 
capacity. The effective surface of the Plante i)lates is 6 to 10 times 
greater than the apparent surface. The blanks, as the sheets of lead 
are called before the surface is developed, are prepared by casting pure 
lead in the form of flat ingots, which arc then rolled to the required 
thickness. Soft lead of a very high degree of purity is required for 
this purpose. From the rolled sheets the blanks are cut or stamped in 
accordance with the size and design of the particular type of plate 
to be made. 

Several methods have been used for increasing or developing the 
surface of these plates. One of these is the so-called plowing process. 
The blank plate is placed in a machine similar to the shaper used in a 
machine shop. The tool of the shaper is designed to produce a leaf of 
the proper shape and width. One leaf is produced at each stroke. 
Ribs to make the plate more rigid are made by jumping the tool at 
certain points. 

A second method of developing the surface of Plante plates is com- 
monly known as the swaging process. The master swaging block has 
the design for the plate cut in its surface, the ribs to produce recesses 
in the finished plate being in relief on the block. The swaging block 
is pressed against the surface of the soft-lead plate while it rocks back 
and forth, and the lead is pressed into the desired form. 

A third process for the development of the surface of these plates is 
called the spinning process. The soft-lead plate or blank is held in a 
frame which reciprocates between revolving mandrels having a large 
number of steel disks which are pressed gradually into the plate on 
either side. The lead of the plate flows in between these steel disks, 
forming leaves wdth grooves between. The depth to which the steel 
disk may penetrate the surface of the plate is so regulated as to leave 
a thin web of supporting material in the center of the plates. Hori- 
zontal ribs are obtained in these plates by spinning the plate in sec- 
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tions. Vertical ribs are obtained by spacing washers placed between 
the disks. 

Other plates with highly developed surfaces have been obtained 
by casting (Tudor plates), but this method is used more in Europe 
than in this country. 

An important type of Plante plate is the Manchester positive. 
Heavy grids of lead and antimony are cast with a large number of 
round holes into which are pressed buttons of soft lead with cor- 
rugated surfaces. These buttons, or ^'rosettes,” are prepared from 
lead ribbon which is extruded by a hydraulic press. The lead ribbon 
is passed through a crimping machine which crimps the surface, cuts 
the ribbon to the desired length, and then rolls the piece into the form 
of a rosette or button. The buttons are pressed into the holes of the 
lead-antimony grid by a hydraulic press. In order to lock the buttons 
in place, the holes are made wdth a slight bevel so that, as the lead 
button grows during the o})eration of the cell, it becomes more and 
more tightly locked in the supporting grid. 

Formation of Plante Plates 

The formation of Plante plates^ is an electrochemical process that 
requires considerable time and the expenditure of a large amount 
of electrical energy. In the original process used by Plante and gener- 
ally referred to at the present time as Plante formation, the plates 
were alternately charged and discharged, with occasional reversals of 
the direction of the charging current, until the plates had acquired suf- 
ficient capacity. The demand for a more efficient process of formation 
led to the use of forming agents, which were added to the sulfuric acid 
solution to hasten the formation by chemically attacking the lead of 
the plates. This is the method most used at the present time. The 
formation of Plante plates has also been accomplished by dipping the 
plates in certain solutions which have a strongly corrosive action on 
the lead, resulting in a layer of finely divided material that may then 
be reduced to sponge lead or oxidized to lead dioxide. 

When two plates of lead are dipped in a solution of sulfuric acid and 
an electric current is passed through the cell, a very thin layer of lead 
dioxide is formed on the plate which is the anode, and the oxide of 
lead covering the surfaces of the cathode is reduced to a very thin layer 
of sponge lead. The evolution of oxygen gas at the anode and hydro- 
gen at the cathode begins almost immediately. If the charging current 
is cut off, the lead dioxide on the surface of the anode forms a very 

43 G. Plante, Formation of secondary elements of lead plates, Compt. rend., 
95 (Aug. 28, 1882). 
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large number of little primary cells with the underlying lead, so that 
a vigorous local action begins. Lead sulfate is formed on ihe surface 
of the underlying lead, and in a few minutes the plate has lost its 
charge completely. The sponge lead on the surface of tlie i)late which 
was the cathode has practically no potential difference from the under- 
lying lead of the plate itself, and consecpiently no such vigorous local 
action takes place on this plate. If the charging current is again 
renewed, a larger amount of lead oxide is formed on the anode owing 
to the conversion of the lead sulfate previously formed as a result of 
the local action on this plate. Each time this process is repeated the 
amount of lead dioxide increases, l)ut in order to obtain an increase in 
the amount of lead sponge on the surface of the negative plates it is 
necessary to reverse the curi-ent from time to time so that use may 
be made of the process that occurs at the positive plate. The strength 
of the sulfuric acid solution that is used has some influence on the 
amount of oxygen that is fixed on the surface of the anode. Experi- 
ments were made by Gladstone and Tribe-*-* to determine the amount 
of oxygen fixed 4 )n the surface of electrodes which were 77 square 
(jentimeters in area by the action of 1 ampere flowing for 20 minutes. 
The solutions they used consisted of various strengths ranging from 
1 part of acid to 5 parts of water down to 1 part of acid to 1000 parts 
of water. In Table 7 is given the amount of oxygen, expressed in milli- 
grams, fixed by the action of the current for the different strengths of 
acid. 


Table 7. Oxygen Fixation 


Acid Strength, 
acid to water 
1/5 
1/10 
1/50 
1/100 
1/500 
1/1000 


Oxygen Fixed, nig 

127 

140 

151 

155 

125 

Lower oxides and basic 
sulfates formed 


The common method, at the present time, for the formation of 
Plante plates involves the use of forming agents which attack the lead 
of the plate. These agents are usually nitric acid or the salts of 
some acid such as nitric, although a number of other substances have 
been used, including chlorates and perchlorates, chlorides and fluorides, 
** J. H. Gladstone and A. Tribe, La chimie des accumulaleurs, Lumitre ilec.. 9, 
SS (1883). 
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bichromates, permanganates, formic acid, oxalic acid, alcohol, hydrox- 
ylamine, and sulfurous acid. The forming process with these addition 
agents is ])ractically confined to the positive plates, which are the 
anodes in the forming bath. Negatives are obtained by a reversal 
of the positive plates and the consequent reduction of the lead dioxide 
to the sponge-lead state. 

In general, the action of the forming agents is to retard the early 
formation of lead dioxide on the anode that would otherwise make a 
protective covering on which oxygen would be liberated. The anions 
depositing on the lead surface give rise to relatively soluble lead salts 
and increase the concentration of lead ions from which lead sulfate 
may be formed. This is oxidized ultimately to lead dioxide. 

The amount and strength of the sulfuric acid solution and the 
amount of nitric acid or other forming agent are matters of importance 
both in determining the depth of the formation and in the finishing of 
the plate. The current density and temperature also affect the depth 
of formation. Since the nitric acid is reduced at the negative plate, 
which is the cathode in the forming bath, any factor, such as increasing 
current density or increasing temperature, which tends to increase the 
rate of reduction of the nitric acid, decreases the effective amount of 
it in the forming bath. During the forming process the amount of the 
forming agent present in the bath steadily decreases. It is necessary 
that at the end of the formation it should decrease to zero, in order 
that the finished plates may not contain traces of the agents that would 
cause subsequent growth and buckling of the plates in service. At the 
end of the forming period the dioxidizing effect of the charging current 
must predominate over any chemical action of the addition agents, in 
order that the plates may be satisfactorily “sealed off.^^ This “sealing 
off” process consists in completely covering the underlying lead wdth a 
dioxide film which serves both as the active material of the plate 
and as a protective coating. The forming bath is ordinarily a solution 
of sulfuric acid ranging from 1.040 to 1.050 in specific gravity, to which 
the forming agent may be added from time to time as the formation 
progresses. At the end of the forming process the current density is 
ordinarily increased, and the plates, after being removed from the 
forming bath, are washed and sometimes given a further charge in a 
solution of pure sulfuric acid which is free from nitrogen compounds 
or other addition agents. Another method, seldom used, of finishing 
plates intended for positives is to reverse them in a pure solution of 
sulfuric acid and water followed by a second reversal to restore the 
dioxide condition. This process eliminates the forming agent. 

The formation of these plates in solutions of sulfuric acid has been 
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the common practice, but the use of neutral sulfate and alkaline baths 
is important and has been reported by Peters. 

In some cases plates have been dipped in strong solutions of nitric 
acid as a preliminary to the forming process. The corrosive action 
that takes place on the surface of the plates, particularly if the acid is 
concentrated, results in the formation of complex compounds of lead 
and nitrates and nitrites which are only slightly soluble. The lead 
plates, having a layer of this material on the surface, can then be 
formed into dioxide or sponge lead by ordinary forming processes. 
Another similar method has been to convert the surface of the lead 
plates into the carbonate. 

SEPARATORS FOR LEAD-ACID CELLS 

The development of thin, porous separators which are placed between 
the alternating positive and negative plates in storage cells has made 
possible the development of compact, portable batteries. Prior to the 
use of these porous separators, rods of glass or hard rubber or per- 
forated and corrugated hard-rubber sheets were inserted between the 
plates of the cells to prevent possible short circuits through buckling 
of the plates. It was not possible, in the early types of batteries, to 
place the plates close together, because scaling of the ac-tive material 
or the formation of ‘‘trees’^ on the negative plates would make a metal- 
lic connection between plates of opposite polarity. 

The primary object of the separators is to prevent metallic con- 
duction between the plates of opposite polarity while freely permitting 
electrolytic conduction. Present types of separators include those 
made of wood veneer, perforated and slotted separators of hard rubber, 
microporous rubber, fibrous glass mats, and a surprising variety of 
new types, used or proposed, that became possible with the develop- 
ment of modern plastics. These include microporous plastics, fibrous 
materials impregnated with insoluble resins, regenerated cellulose films, 
layers of diatomaceous earth, fabrics of Vinyon, Saran, Dynel, woven 
glass, and porous vitreous materials. 

Wood Separators 

Certain kinds of wood have been found suitable for the manufacture 
of separators. In the past some of the woods employed were bass, 
poplar, fir, cedar, cypress, and redwood. Several of these are im- 
portant today, but the almost universal choice was Port Orford white- 
cedar, which grows in a limited region of Oregon, taking its name from 

45 Centralblatt /. Accumulatoren, series of papers beginning Volume 2, p. 293, 
1901, and continuing through Volume 5. 
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a seaport in the vicinity. With the great expansion of battery pro- 
duction for automotive purposes that occurred with the beginning of 
World War II, an acute shortage of Port Or ford cedar arose that led 
to a search for substitutes. The result of valuable research at the 



Fig. 10. A wood separator for a motive-power cell. The grooved side of the 
separator is placed next to the positive plate. 

Forest Products Laboratory^ showed that Douglas-fir, noble fir, 
Alaska yellow cedar, redwood, and bald-cypress when properly treated 
chemically are acceptable substitutes. 

Production of wood separators for storage batteries has been esti- 
mated at about 1000 million per year at the present time. The 
separators are made from a knife-cut or sawn veneer in the form of a 

V. Peakes, Jr., R. A. Lloyd, V. S. Barnes, J. H. Berry, and G. J. Ritter, 
Substitute woods for Port Orford white-cedar for storage-battery separators. Ind. 
Eng. Chem., 38, 780 (1946), Rept. R1476. 
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long, narrow sheet of the required width. Grooves are cut in one side 
(Fig. 10), leaving a series of narrow ribs, between which are thin por- 
tions called the web. The method of cutting the separators affects 
the strength and electrical resistance of the finished product. 

Rotary-Cut Separators. The veneer is cut from the log as a wide 
thin sheet while the log is rotated in a lathe. Rotary-cut separators 
are commonly called ^'flat grained,'^ because the cutting edge of the 
knife is applied nearly tangentially to the rings of the log. The grain, 
however, is usually irregular and not entirely ‘‘flat,’’ which would not 
be a desirable condition. 

Sliced Separators. This method of cutting separators came into 
extensive use about 1931. Blocks of wood, after being steamed, arc 
placed in the slicing machine, and the veneer is cut by a shearing 
motion of the knives. If the grain of the wood appears as parallel 
lines, it is called “vertical grain,” but other positions of the block 
with reference to the knives result in “slash grain.” 

Sawn Separators. These are cut by a saw, the direction of the grain 
depending on the position of the block. Quarter-sawn separators show 
the grain as parallel lines extending through the sei)arator, but the 
angle of the grain through the separator may vary as much as 45° and 
still present the appearance of ])arallcl grain. As the angle approaches 
90° the grain becomes nearly flat. 

“Fibrite” Separators. Another variety of wood separator is made 
from finely divided bark of the redwood tree. This separator, known 
as “Fibrite,” is available in flat sheets somewhat resembling blotting 
paper. Its porosity is said to be as much as 90 per cent. Because of 
the nature of the material it is not made as a grooved separator. 

The most common defects observed in woods used for separators 
are knots, checks, and shakes. Knots, unless very small, aie detri- 
mental in separators. Checks are sj)lits in the log, extending in a radial 
direction from the center, and are caused by stresses occurring during 
the seasoning process. A shake is a separation between two annual 
rings. As a general rule, it occurs in only one part of the ring. Any 
one of these defects appearing in the finished separator is sufficient 
cause for its rejection. After wood separators have been grooved and 
cut to size, they should be examined individually before a strong light 
in much the same way as eggs are candled. In this way defective 
separators are easily detected. Because of the frequent occurrence of 
knots, checks, and shakes, the wastage in preparing separators is 
considerable 

The principal constituent of wood tissues is cellulose, but with the 
cellulose are the so-called incrusting layers of lignin and the sap, which 
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contains resinous material, tannins, coloring matter, and various min- 
eral salts. There are a great many varieties of cellulose, but they have 
certain properties in common. 

Celluloses, considered as a whole, are insoluble in the simple solvents 
and have a composition characteristic of carbohydrates. The empiri- 
cal formula for them may be written CnH 2 mO,n. Celluloses resist in 
various degrees the processes of oxidation and hydrolysis. Generally 
speaking, however, they are much less subject to oxidation and hydrol- 
ysis than the other substances which are closely associated with tliem 
in the wood fiber. The woody tissues consisting of cellulose and the 
incrusting material are frequently called lignocclluloses. The non- 
cellulose part of these compounds is generally termed lignin. The 
lignin complex is easily decomposed by hydrolytic or oxidizing agents, 
yielding acetic acid, which is generally known to be deleterious to the 
life and performance of storage batteries. For example, wood im- 
mersed in dilute sulfuric acid at 60 to 100° C readily yields a consid- 
erable amount of acetic acid, and the same result is obtained at lower 
temperatures if an oxidizing agent, such as nitric acid, is also present. 
The amount of acetic acid that may be formed from the wood varies 
with the degree of hydrolysis or oxidation of the material. The 
discussion of the chemistry of cellulose is beyond the scope of this 
book, but the reader is referred to the books by Cross and Bevan, 
Cellulose, an Outline of the Chemistry of the Structural FAements of 
Plants, and by Hawley and Wise, Chemistry of Wood. 

Treatment. The wood separators, after being cut to size, are sub- 
jected to a chemical treatment which has for its object the removal of 
soluble and easily hydrolyzed matter, and the expansion of the pores. 
Many different methods have been used, most of which are covered by 
patents. Some of these methods have been based on those used for 
the preparation of wood for paper-making. In general, the treatment 
consists of the removal of the mineral salts and other soluble matter 
contained in the sap, as well as the easily hydrolyzed parts of the 
lignocellulose, by the use of steam, boiling water, or dilute solutions of 
various chemical reagents, including caustic soda, sodium bisulfite, 
sodium sulfite, sodium sulfide, and sulfuric acid. 

The more usual procedure is to pack the separators loosely in tanks 
that are then filled with a solution of caustic soda, 1 to 2 per cent, 
heated to the boiling point or slightly below. Insufficient treatment 
means high electrical resistance in the battery and incomplete elimina- 
tion of deleterious substances; excessive hydrolysis, on the other hand, 
means an unnecessary loss in the mechanical strength of the separators. 

The amount of material extracted from the wood depends on th(‘ 
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severity of the treatment. The principal factors involved are: (1) the 
chemical agent used, as for example sodium hydroxide; (2) its concen- 
tration, usually within the limits 0.75 to 2 per cent; (3) the tempera- 
ture, the time being greater as the temperature is less, 97 to 100° O 
is usually recommended; (4) the time, usually within the limits 10 
to 12 hours; (5) agitation of the hot solution, usually accomplished 
by release of compressed air; (6) ratio of the solution to the wood, 
which is defined by Peakes^ ^ and his co-authors as the gallons of 
treating solution to 1.0 pound of dry separator material; (7) washing 
in hot and cold water, 12 hours. 

The various woods differ in their resistance to treatment. Peakes 
and his associates recommended less drastic treatment for redwood, 
beginning with hot water and followed by a dilute solution of sodium 
(•arbonate. Bald-cypre.ss, on the other hand, is quite resistant to 
sodium hydroxide, and the treating solution which they recommended 
was 5 per cent NaOH plus 5 per cent NajS for an aggregate time of 
11 hours. 


Rubber Retainers 

Perforated or slotted separators of hard rubber, also called retainers 
or envelopes, are commonly found in various types of storage batteries. 
'Fhey assist in holding the active material of the positive plates in 
place and they protect other separators used with them from the 
strong oxidizing conditions of the lead dioxide. Perforated retainers 
are generally used in combination with other types of separators such 
as wood, porous rubber, or glass mats. Perforated-rubber retainers 
are placed in immediate contact with the positive plates, except when 
glass mats are used between the plates and the perforated mbber. 
The thickness of the rubber sheets is ordinarily about inch. Per- 
forations may be round holes, elongated slots, or special shapes. The 
advantage claimed for the slots is that, because of their narrowness, 
liarticles of active material arc more effectively retained on the surface 
of the positive plates, without loss of conductivity which is provided 
for by the length of the slot. Some of the special shapes of perfora- 
tions are said to release bubbles of gas more readily than others. 
Whatever the shape of the perforation, the average P«recn age of area 
punched out is usually specified and called the “porosity. Thus, the 
round perforations, which may vary in size and number from 19 to 
210 per square inch of surface, provide PO^osity from 13 to 46 Pe^^nt 
The elongated slots, which vary from 0.012 to 0.020 inch in width a 


Loc. cit. 
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Fig. 11. Sections of perforated-rubber retainers. 


0.18 to 0.25 inch in length, number 75 to 125 per square inch. Porosi- 
ties up to about 40 per cent are available. Various types of perforated 
and slotted retainers are shown in Fig. 11. The ixircentage of material 
punched out in these slotted and perforated sheets is a matter of 
considerable importance in determining the performance of the battery. 
If too much material is punched out, the rubber is weak and liable 
to breakage, but if too little material is punched out the resistance 
of the cell is materially increased. 

Porous-Rubber Separators 

These are made from latex or smoked-sheet rubber. 

Latex,^^ which is the secretion obtained principally from rubber 
trees, is a suspension of hydrocarbons in an aqueous scrum containing 
also small quantities of proteins, resinous materials, mineral salts, and 
sugars. Fresh latex is slightly alkaline and contains 30 to 38 per cent 

48 Latex is discussed in Chimic ct technologic du latex de caoutchouc by 
Georges Genin, 1934; Chemistry and Technology of Rubber Latex by C. Fal- 
coner Flint, 1938. 
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of rubber hydrocarbon. The remainder is mostly water. On exposure 
to air the latex becomes slightly acid and coagulates. To prevent 
this, ammonia is added before it is shipped. Because of the large 
amount of water which it contains latex is sometimes partially 
concentrated by centrifuging or by evaporation to decrease costs 
of transportation. Latex is sensitive to traces of copper, cobalt, 
manganese, and certain other metals, contact with which should be 
avoided. 

In 1914 Schedrowitz and Goldsborough found that coagulated latex 
could be vulcanized in steam and the water in its pores thus prevented 
from escaping during the process. After vulcanization, evaporation 
of the water left a highly porous mass. Beckmann^ developed a 
process of making microporous sheets of rubber for battery separators 
and other purposes. 

Beckmann’s process involved vulcanizing a mixture of latex and 
sulfur in hot water or saturated steam. The pores in his finished 
product were estimated to be 2 to 3/1000 mm and to number 20 
million in an area of 1 square centimeter. Later processes have 
altered the formula somewhat by the addition of various materials 
to benefit the negative plates, to increase porosity, to serve as protec- 
tive colloids, to hold in check the rapidity of gellation, to strengthen 
the separators, etc. One process starts with a 60 per cent of rubber 
latex and a suspension of sulfur to which is added zinc oxide and 
several organics. This was vulcanized in steam until 90 per cent of 
the sulfur was combined. The finished separators were lower in 
resistance than the corresponding wood separators, with which they 
were compared, and gave double the life in service according to the 
tests that were made. One notable advantage mentioned by the 
authors is the higher engine-cranking speed at low temperatures when 
using the microporous separators. 

Another way of making microporous-rubber separators is by the 
smoked-sheet process. Several kinds prepared with the addition of 
silica gel in the manufacturing process are available. 

A microporous-rubber separator (Peerless) of 60 per cent porosity 
and having a resistance of 0.036 ohm per square inch is shown m 
Fig. 12. 

Threaded-rubber separators were formerly made as thin sheets of 
vulcanized rubber through which several hundred thousand threads 

4»H. Beckmann, Das mikroporose Gummidiaphragma fur Akkumulatoren, 

Elektrotech. Z., 51, 1605 (1930). j ^ 

50 H. W. Greenup and L. E. Olcott, Latex rubber separators, Ind, Eng, Chem., 

29, 192 (1937). 
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passed as tiny wicks, and later were made as latex separators con- 
taining an open- weave fabric. 

Porous-ebonite separators, such as the Wilderman type, were pre- 
pared from pulverized, partially vulcanized rubber, or completely 
vulcanized rubber to which some unvulcanized rubber was added. 



Fig. 12. Peerless microporous-rubber separator. 


Plastic Separators 

The advent of modern plastics has made possible a variety of new 
types of separators. Thin films of uncoated, regenerated cellulose 
supported by glass mats are sufficiently conducting to receive consid- 
eration. Other plastics which are normally non-conducting can be 
made conducting by incorporating wdth the plastic a material which 
can be dissolved out, or if starch is used the starch can be liciuefied 
by hydrolysis or by the action of an enzyme. There are many other 
types of separators, subject to experiment or actually in use, which 
consist of some fibrous material, woven or matted, and impregnated 
with a plastic. In sulfuric acid, Vinyon, Orion, Dynel, Saran, Acrilan, 
and polystyrene have reasonably good resistance to the attack of acid. 

Perforated and slotted separators and retainers are made of plastics 
such as polystyrene, and these are used for much the same purposes 
as similar separators and retainers of hard rubber. 

Some of the better-known plastic separators that have found com- 
mercial use are known as 'Toralite,” alpha-cellulose impregnated with 
a resin; ‘Tormax,'^ a microporous separator of polyvinylchloride; 
^^Darak,^^ which consists of two sheets of different kinds of paper 
resin-impregnated and cured in laminated form. A later form is a 
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single corrugated sheet with reinforced ribs. Tliis is made with or 
without glass retainer mats between the plies, or with glass mats over 
t le ri s. Revere is another plastic separator offered as a substitute 
or wood. A inicroporous separator made of coinjiressed polystyrene 
fiber, dimpled in lieu of ribs, appeared during the Second World War. 
Its characteristics were generally satisfactory, but its maximum safe 
temperature was stated to be 165" F. This is a limitation that may 
apply to other plastic separators also. Batteries are not intended to 
operate at such temperatures, but sometimes they do. 

Fibrous-Glass Retainers 

The use of glass mats as retainers or separators in storage batteries 
began in this country in 1925. Since then increasing use has been 
made of them. Increased cycle life of the batteries can be ex])ccted 
when they arc employed, but the benefits to be derived from them 
arc influenced by other details of construction. 

Glass mats are placed next to the positive plates in oi'der to retain 
the active materials in place and to provide a reservoir for the elec- 
trolyte. These porous-glass separators arc always used in combination 
with other types of separators, such as j)crf orated or porous-rubber 
or wood separators. 

The diameter of the glass fibers is variously stated to be from 
0.0005 inch to something less than 0.001 inch. Matted into a sep- 
arator they are bound together by either a soluble bond, usually 
starch or gelatin, or an insoluble bond, such as furfuriil or one of the 
more common plastic resins. The mat thickness for fiutomotive bat- 
teries is usually from 10 to 15 mils, and for industrial uses 20 to 
30 mils. Thickness is measured under a pressure' of 2.75 pounds per 
square inch. 

A variation in the production of glass materials for battery use is 
found in the so-called ^^Sliver^^ or ^‘Slyver’^ mats, which are made of 
''^ery fine, parallel glass fibers massed vertically against the surfaces 
of the positive plates and passing around the bottom of the plates. 
The parallel-vertical arrangement serves as a retainer for the active 
material and provides minute vertical channels for the escape of gas. 
Sometimes Sliver is used in combination with heavier glass fibers in 
a jackstraw pattern. This mat holds the Sliver in place and provides 
for some expansion of the positive plate. 

Since the glass mats are not sufficient protection against ‘Treeing” 
in the working battery, the glass fibers or complete mats are com- 
bined with other types of separators, such as the Darak mentioned 
above. Another form is a combination of glass mat with a backing 
of diatomaceous earth. 



60 


Storage Batteries 


Flat Types of Separators 

In certain types of glass- jar batteries where the spacing of the plates 
is greater than in the more compact portable types, flat separators of 
porous rubber or wood veneer are used. These are usually reinforced 
by split-wood dowels or by strips of rubber. 

The Exide-Ironclad batteries contain separators which are flat 
sheets of porous rubber without grooves. The construction of the 
positive plates provides the space required for the acid, and the rubber 
tubes serve the double purpose of a rubber separator and a retainer 
for the active material of the plate. The rubber tubes are slotted 
along the side to provide access for the electrolyte to the active 
material, but, as these slots are exceedingly narrow, the lead dioxide 
within cannot escape. 

Some of the newer Willard tyi)es of small batteries in plastic cases 
are provided with Fibrite sei)arators (see page 53). These separators 
are very porous and hold a relatively large amount of electrolyte. 
They are, therefore, flat separators making direct contact with both 
positive and negative plates. 

Relation of Design to Cell Performance 

The grooved side of the separator is always placed next to the 
positive plate. This is done for several reasons. The actual contact 
of the separator with the highly oxidizing material of the positive plate 
is minimized, and a greater volume of acid, for use by the positive 
plate during discharge, is provided. At high rates of discharge, the 
maximum capacity of the positive plate is attained only for moderately 
high concentrations of the acid. It is necessary, therefore, that the 
positive plate should have an ample supply of acid to maintain the 
concentration. The negative plate, on the other hand, reaches its 
maximum capacity at a relatively lower concentration. 

Starting and lighting batteries for automobiles, which are required 
to deliver large currents, must necessarily have a low internal resist- 
ance. These require relatively thin separators, commonly inch in 
thickness. Other batteries, for which the rates of discharge arc small, 
are provided with thick plates and a relatively wide separation. 

Electrical Resistance 

The resistance to the passage of the electric current through the 
separators is an important quantity, varying with the kind of material 
of which the separator is made, the treatment it has received, and 
the direction of the grain, if the separator is of wood. In general, it is 
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known that woods such as basswood and poplar have a lower resistance 
when saturated with electrolyte than cedar or cypress. Tests arc 
commonly made at high rates of discharge to determine the voltage 
characteristic of the battery, since this in turn depends on the internal 
resistance of the battery and so in part upon the sei)arator resistance. 
It is desirable to have more direct measurements of the separator 
resistance, however, and several methods have been devised for meas- 
uring the resistance of individual separators. 



One method which has found use in the industry consists in nit'asur- 
ing the electrolytic resistance of a sjiecially constructed cell, with and 
without the separator interposed across the path of the current, under 
otherwise comparable conditions. The difference of the two measure- 
ments gives the effective resistance of the separator. The cell shown 
in Fig. 13 contains two negative plates at the ends of the cell which 
serve as current terminals, and two other plates set at an angle are 
used to measure the potential drop across the separator that divides 
the cell at the middle. The separator is inserted between the glass 
plates, which have a fixed circular opening. A 60-cycle alternating 
current is used to avoid polarization effects. The electrical circuits 
are shown in Fig. 14. A transformer with two secondary windings of 
5-amj)ere capacity is used to reduce the 110-volt circuit to about 10 
volts. The current from one secondary is passed through the cell and 
maintained at 5 amperes. The current from the other secondary is 
passed through a calibrated slide wire and a non-inductive resistance 
of about 100 ohms. This circuit serves as a potentiometer in phas(‘ 
with the current through the cell. An alternating-current galvanome- 
ter can be used to determine the balance, care being taken to maintain 
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the field of the galvanometer in phase with the potentiometer. The 
accuracy of the measurements is tested by measuring the value of a 
known resistance. The resistance of individual separators, from the 
same lot and similarly treated, may vary from 5 to 15 per cent, but 
the precision of the measurements is about 1 per cent. Several weeks^ 



Fig 14. Circuit for measuring resistance of separators. 


immersion in sulfuric acid solutions is required prior to the measure- 
ments, in order that the resistance of the separators may reach a 
constant value; but for practical purposes 24 hours is usually enough. 

Another method which consisted of measuring eight or ten small 
disks in a close-fitting glass tube was described^ ^ previously but has 
been used less than the method described above. It is, therefore, 
omitted here. Its chief fault was the possible by-passing of current 
around the edges of the disks, or “fringe effect.'^ 

AVhen measurements are made at different temperatures, it is found 
that the percentage of increase in resistance of porous-rubber separa- 
tors is approximately the same as the percentage of increase in resis- 
tivity of the acid solution for the same decrease in temperature. 
This is not true of wood separators, which change im resistance more 
than proportionally to the change in acid resistivity. This effect is 
illustrated in Fig. 15. 

Manufacturers ordinarily express the resistance of separators as 
the resistance of a single separator, and then the resistance figure is 
materially less than the resistance per square inch (see Table 8). 
Each square inch is in parallel with every other square inch, and 
therefore the resistance per square inch must be divided by the 
number of square inches to get the resistance of a separator. As an 


This book, 3d ed., p. 56. 
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approximation the resistance given in Table 8, after tiie specimens 
ffvre soaked in acid for 25 days, divided by 28 square inches give 
values closely apjuvxiniating those in the paper by Peakes and his 
associates (/or, rif.) for correspondirift' kinds {)f wood. d"lio resistance 



15. Effrct of toini) 0 !ii(uro on resistance of separators compared with the 
resistivity of sulfuric acid solutions. 

of micropurous-rubber sejiarators and some of the newer plastic sep- 
arators may be materially lower than the values for wood. This 
depends on their ])orosity. As an approximation the porosity may be 
assumed to be inversely proportional to the resistance. 

Effect of Acid on the Wood 

Sulfuric acid chars the wood, as may readily be observed. The 
extent to which this action takes place depends very largely on the 
concentration and the temperature of the acid. When the specific 
gravity of the acid is 1.250 or below, the charring action is relatively 
slight, even when the wood is immersed for a long period of time. At 
1 .300 the charring action is noticeably greater, and it becomes serious 
at concentrations higher than this. Samples were kept in the solu- 
tions at a constant temperature of 20° C (68° F) for the duration of 
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the experiment, and they were then taken out and subjected to tensile- 
strength tests while still wet The results of this experiment are 
shown in Table 8. Each value is the mean of four determinations. 
The effect of the acid in weakening the wood fiber is clearly shown. 


Rubber Jars and Containers 

Vulcanized rubber is commonly used for the containers of starting 
and lighting, radio, airplane, vehicle, marine, and submarine cells. 
The container for a single cell is called a jar, but others arc divided 



Fig. 16. Hard-rubber container for three cells of an automotive battery. 

into several compartments for two or more cells. The degree of vul- 
canization varies with the proportion of sulfur and with the tempera- 
ture and duration of the heating. The quality of the final product, 
as for example the battery jars, depends on these factors and also on 
the percentage of rubber in the compound. Present-day containers 
may be made from natural, synthetic, or reclaimed rubber, or a mixture 
of any of these in varying proportions. The formulas usually include 
also some fillers, accelerators, and carbon black. It is, therefore, not 
surprising that the quality should differ widely. Containers have 
superseded the use of the individual jars for automoVjile batteries. A 
hard-rubber container for three cells is shown in Fig. 16. 

The covers are molded. They differ greatly in shape and arrange- 
ment of the openings. Covers for the smaller cells, such as for starting 
and lighting batteries and vehicle batteries, generally have three holes 
in the cover; two of these are for the protruding terminal posts and 
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the third for the combined vent and filling aperture. (See Fig. 17.) 

The sealing compound is a blown oil asphalt with a melting point of 
about 200° F. ThQ softer compounds melt below this temperature, 
and the harder ones above it. As the compounds contain volatile 
constituents wdiich are driven off if melted for any considerable time, 
it is not desirable to use the compound a second time. 

The method of sealing the terminal j)osts at the point where they 
pass through the cover is a matter of great importance. Unless the 
l)Osts are satisfactorily sealed, they are likely to work loose in the cover 
and cause leakage of the electrolyte. Six of the familiar arrangements 
are shown in Fig. 18. The sealing nuts of rubber or lead alloy are 
screwed down on the post, thus pressing the cover against a soft-rubber 
gasket. In the figure, the first three types relate to automotive bat- 
teries, the last three show types used on i)ower batteries and sealed 
jar batteries. 

Composition Containers 

Composition containers are molded ])rodiicts of tliermoplastic, 
bituminous materials, usually containing asphalts, asjdialtites, inert 
fillers, fibrous materials, lampblack, and sometimes mineral waxes and 
comminuted rubber. Many specific compositions of these materials 
have been patented. 

Asphalt is a term applying to a species of bitumen and certain 
pyrogenous substances of dark color and variable hardness, which are 
composed of hydrocarbons that are com})aratively non-volatile and free 
from oxygenated bodies. These include native as])halts and pyroge- 
nous asphalts which are residues from the distillation or the blowing 
of petroleums. Asphaltite is a species of bitumen of which Gilsonite 
is the variety generally used in making battery cases. This class of 
materials consists of comjiaratively hard, non-volatile solids of a dark 
color. 

Inert fillers which are used include infusorial earth, pumice, and 
other forms of siliceous material. The fibrous materials are usually 
cotton or asbestos, but mention is made in the literature of animal 
fibers. Of the native mineral waxes, Montan wax is sometimes em- 
ployed. Petroleum fluxes are sometimes added also. 

The cases are cast under pressure while the material is hot. As it 
flows into the mold, it is important that the material coming from one 
direction should form a satisfactory bond with the material coming 
from another direction. Cases are removed from the mold wdien suffi- 
ciently cooled. 

Polyester plastic resins have been used for making automotive 
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battery cases. They are relatively light, strong, and heat-resistant. 

The finished product must resist attack by sulfuric acid solutions 
of a strength commonly used in batteries; it must not become porous 
or deformed; it must not contaminate the electrolyte with impurities 
of which iron and particularly manganese are the most imi)ortant. 

Glass Jars 

(ilass jars are very commonly employed for stationary batteries 
except for the largest sizes. Desirable (qualities in the glass jars are | 
transparency, freedom from attack by the acid, the absence of blow 
holes, and the ability to withstand temi)erature variations. In the 
event that a glass jar is broken the entire clement should be removed 
and immersed in water in a non-metallic vessel while a new jar is 
being obtained. If more than a week or two is needed, the positive 
plates should be removed and dried, but the negatives and se])arators 
should remain in water. 

Plastic Containers 

A wide variety of modern storage batteries is found in transparent 
or 0[)aque plastic jars and cases. Use of these saves some space and 
an ai)preciable amount of weight over the corresponding sizes and 
types in glass jars. Plastic jars are less liable to breakage than glass 
and can be molded into desired sizes and shai)es. Although several 
kinds of plastics are suitable for the purpose, the material most used 
is polystyrene. Covers for the cells or multiple-unit cases are of the 
same material. 

Before the modern plastics were available Celluloid was emj)loyed 
to a limited extent. This is a plastic of good mechanical properties 
which can be machined or molded, but it has the serious drawback of 
being highly flammable. Two fires of Celluloid battery cases are 
within the author’s experience. It is doubtful that Celluloid has any 
real advantages now that newer plastics can be used. Plastics have 
advantages in developing new types of cells, as the- cases can easily 
be made in the laboratory by cementing together sheets of material 
as needed in experimental work. The chosen form is then translated 
into molded form for commercial production. 

Ceramic Jars 

These have found application for telephone, control, and standby 
batteries. The jars are pure white, highly glazed ceramic material 
that must be entirely free from absorption of water or the acid elec- 
trolyte. 
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Lead-Lined Tanks 

These are used for large stationary batteries and are generally 
applicable where considerations of space and weight arc not of im- 
portance. The wood casing must be of good quality, since the lead 
lining has little mechanical strength and is liable to deformation. 
The best wood available is a resinous long-loaf yellow pine. The 
upper rim of the lead lining is usually reinforced and is called the crown. 

VENT PLUGS 

All lead-acid storage cells are provided with some kind of a vent in 
the cover. This is necessary to provide for the escape of gases pass- 
ing off from the cell and to provide an opening for the addition of 
water as needed to the electrolyte. Automotive and similar batteries 
are provided with vent plugs so designed as to prevent careless addi- 
tions and the attendant overflow of electrolyte on the top of the battery. 
There are several ways of accomplishing this, but most of them are 
based on the principle that water can flow into the battery only to a 
l)rcscribed height when the normal outlets for the escape of gas (or air) 
are closed. One device consists of a lead ring which tilts and closes 
the gas exit when the vent plug is removed, but replacing the vent 
plug restores the ring to its normal position, gas vent open. Another 
device limits the electrolyte height to the bottom of the filling tube 
by showing a bulks eye when looking into the battery when the level 
is correct. The bulks eye disappears if the electrolyte rises too high 
into the filling tube. Still another type of battery cover has as its 
gas vent a small nipple beside the vent plug which in this case is 
really a plug without any vent. To fill the cell the plug is placed 
over the nipple, closing it. Water is added until it rises into the filling 
tube, and when the plug is removed from the nipple the slight excess 
falls into the cell and the electrolyte is at the proper level. A fourth 
device consists of a prism which by appearing to the eye as clear or 
red indicates whether water is needed. Many patents have been issued 
on vent plugs and filling arrangements. It is quite beyond the scope 
of this book to give an extended description of them. 

Vent plugs on the smaller types of batteries are usually of the 
bayonet or screw type. The “bayonet” plug is fastened in place by a 
partial turn, and the screw type as its name implies is threaded. Less 
commonly soft-rubber plugs which are pushed into place are used. 
Large batteries which are used in confined spaces as in the battery 
boxes of railroad cars are provided with hinged vent plugs that can 
be flipped open or closed by the tip of the automatic water filler. To 
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prevent sloppage of electrolyte or the escape of spray, vent plugs 
should be provided with baffle plates. 

Batteries for signal service or for use on aircraft as described in 
Chapter 10 often must be of the non-spill type. Various valves to 
prevent the escape of liquid when the batteries are inverted have been 
devised, but only two are commonly in use. The most familiar is the 
elongated plug of the double-chamber construction. The vent at its 
lower end is so placed as to be out of the liquid whatever position the 
battery may be in. The other type makes use of a tilting lead cone. 
These arc more fully described in the section on aircraft batteries. 

ASSEMBLY OF LEAD-ACID CELLS 

The remainder of the process for the manufacture of lead storage 
batteries deals with problems which are of comparatively little interest 
to a student. They will, therefore, be described very briefly. The 



Fig. 19 . Connecting strap and pillar post with seal nut in place. 


plates, after formation, are assembled into positive and negative groups 
by burning the plate lugs to the connecting straps or bars (Fig. 19). 
These groups are interleaved, the positive and negative i)lates alter- 
nating. The separators are then placed betw^een the plates of opposite 
polarity, with the grooved side of the separator facing the positive 
plate. If slotted or perforated-rubber separators of fiber-glass mats 
are used, they are inserted between the positive plates and the wood 
separators. The assembly of positive and negative groups with separa- 
tors is called the element of the storage cell. After assembly of the 
element is complete, it is placed in the jar or container, and the cover 
of the cell (Fig. 17) is sealed on. 

Connectors between the individual cells may be of several different 
kinds. Pure lead connectors are used when high conductivity is re- 
quired without severe mechanical conditions. The most common type 
of connector is made from a casting of lead-antimony alloy. These 
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connectors may be burned to the projecting terminals of the cell and 
are more durable than the soft-lead connectors. Copper connectors, 
heavily lead-plated, are sometimes used in batteries for vehicle or loco- 
motive work, since they combine high conductivity with flexibility, the 
latter property enabling them to absorb the strains that might other- 
wise crack the jars of the battery. The copper strips usually have a 
loop in the middle to increase the flexibility and have alloy castings on 
the ends which may be burned to the terminals of the cell. Intercell 
connectors arc commonly referred to as burned or bolted, these terms 
indicating whether the connectors are attached to the cell post by the 
lead-burning process or are clamped by a threaded bolt. A combina- 
tion of burned and bolted (‘omu'ctors is now list'd to some extent as a 
matter of convenience. The burned end of the connector is at the 
positive where corrosion is most likely to occur. The bolted connec- 
tion is at the negative. 

The resistance of the intereel 1 connectors is a matter of considerable 
importance, since the energy that is wasted in the form of heat in 
these connectors varies as the square of the current. In Chapter 10 
a discussion of the resistance of the intercell connectors is given for 
the automobile, vehicle, and airplane types of batteries. 

TYPES OF LEAD-ACID CT.LLS 

In the previous discussion, pasted and Plante plates have been 
described. They find many uses in a wide variety of cells, of which 
only a limited number can be mentioned here. Reference should be 
made to published catalogs of manufacturers for details of construction 
and features wLich make their batteries adapted to sjiecific kinds of 
service. 

Batteries with Flat Pasted Plates 

Pasted plates are employed in many types of batteries. Without 
doubt the most familiar is the automotive battery which is made in 
greater numbers than any other. Pasted plates are used also in sealed 
glass- jar batteries for stationary service. In size, pasted plates range 
from small plates used in potential batteries to the largest sizes used 
in tank batteries. Typical pasted plates for automotive batteries are 
shown in Fig. 20. Distinguishing features are the grids and active 
material which extends through the plates. Positives have dark active 
material, which is lead dioxide, and the negatives have gray sponge 
lead as the active material. Assembled in^ a completed cell, these 
plates with intervening separators are shown in Fig. 21. Although the 
ordinary flat pasted plate is easily adapted to many services, other 



72 


Storage Batteries 






Materials and Methods of Manutacture 73 

Batteries with Reinforced Grids 

The first of these was developed primarily to provide a battery of 
longer life in floating service. Mechanical strength is one feature, but 
an equally important characteristic is the greater cross-sectional area 
of some of the grid bars to withstand corrosion, particularly in floating 



Fig. 22. Modern form of the Flote cell. 


service. Reinforced, that is, heavier grid bars are provided at inter- 
vals, but the mass of the metal is within the active material of the plate 
and only the narrow edges of the bars are exposed. Lighter grid bars 
of the usual type are interspersed between the heavier members. 
Several grids of this type are shown in Fig. 9. The essential points in 
design relate to the distribution of the metal in positive grids. The 
grid weight is about 50 per cent of the weight of the finished dry plate. 
The outer frame with lug is from 21 to 30 per cent of the grid weight. 
The reinforcing members are about 40 per cent or more of the grid 
weight; the surface members account for only about 15 per cent of 
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the grid weight. Positive grids usually exceed 0.3 inch in thickness. 
A cell of this type is shown in Fig. 22. The Flote element is provided 
with corner clamps or tie rods at the bottom. 

Batteries with Manchester Positives 

These are cells of the Plante type familiarly known as the Exide- 
Manchex type. The grid of the Manchester plate is a casting of lead- 



Fig. 23. Exide-Munchex cell, type FME-17, showing Mam-l ester positive plates 
and pasted negative plates. 

antimony (Fig. 9) providing openings for the active elements, which 
are buttons of soft-lead ribbon. These are corrugated and rolled into 
spirals which are forced into the grids by hydraulic pressure. The 
buttons are electrolytically formed by the Plante process, and the 
active material is therefore provided by the lead itself. However, 
initial formation penetrates only part of the lead ribbon, the remainder 
being available for gradual conversion into active material to replace 
other active material that may become dislodged and deposited as 
sediment in the bottom of the cell. 
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Fig. 24. Enlarged cross section of the Exide-Tronclad element. 
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The negative consists of a flat pasted plate. A fully assembled cell 
is shown in Fig. 23. These cells are made in a variety of sizes. 

Batteries Containing Exide-Ironclad Plates 

The distinguishing feature of this type of lead-acid battery is the 
positive plate which consists of vertical tubes of finely slotted rubber 

or plastic within which the active 
material is contained. The grid of 
this plate consists of a number of 
vertical spines cast integrally with i 
the top bar and burned at the hot- I 
tom to a bar after the tubes are 
filled with oxide. In later models 
the bottom bar is replaced by a 
molded plastic bar making a 
pressed fit with the end of each 
spine. Each spine forms the core 
of a pencil consisting of the active 
material and the enclosing tube. 

The slots in the tubes provide access 
of electrolyte to the active material 
but prevent the active material 
from being washed out. The tubes 
at the outside edges of the plates 
are reinforced by leaving the ex- 
posed edges solid. Each tube has 
two outer vertical ribs projecting 
on opposite sides at right angles to 
the face of the plate. These ribs 
not only reinforce the tubes but also 
serve as insulating spacers, taking 
the place of the ribs on wood sep- 
arators. A cross section of the 
element is shown in Fig. 24. The 
negative plate is a flat pasted plate. 

Fig. 25. Exide-Ironclad cell, type separators are flat sheets of 

TH- 19 . ’ microporous rubber, called “Mi- 

. por.” One of these cells is shown 

in Fig. 25. These batteries find use in motive power, marine, and 
other services. They are made in five sizes of plates, for which 
operating data are given in the section on truck and tractor batteries 
in Chapter 10. 
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Eathanode Batteries 

Glass mats are placed on both sides of pasted positive plates. They 
are made of filaments of spun glass, matted together, and laminated 
to form a porous retainer of approximately 0.10 inch in thickness. 
Outside the glass mats there is a perforated-rubber envelope of about 



Fig. 26 . Gould Kathanode construction with the “Z” plate. Positive grid has 
vertical and horizontal members of equal cross section, spun-glass retainer, per- 
forated envelope. Microporous-rubber separators are added to make triple 

insulation. 

44 per cent porosity which holds the glass mat in contact with the 
surfaces of the positive plate. Unperforated at the edges, these enve- 
lopes serve to prevent treeing. The Kathanode units, Fig. 26, each 
consisting of one positive plate, two glass mats, and the envelope, are 
assembled with pasted negative plates to form the element. Wood 
separators between positive and negative plates are used in glass- jar 
cells for stationary service, and porous-rubber separators, called 
“Durapor,” are used in rubber-jar cells for motive power or other 
purposes. Cells of this type are shown in Figs. 27 and 28. 
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Fig. 27. Gould Kathanode suspended-element cell m glass, type DK. 
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Plante Cells and Modifications 


In addition to the Plante plate, 
as the Manchester positive plate, 



Fig. 28. Gould cell in rubber jar, 
type XLZ. 


described above and widely known 
there are other varieties of these 
plates. Of historical interest is the 
Tudor positive plate, which is cast 
in cellular form. This plate is not 
now made in this country, so far as 
the author is aware. Spun plates 
described on page 47, and some- 
times known as C. P., or “chem- 
ically purc,^’ plates, are now used in 
combination with pasted negative 
plates. The term “chemically 
pure’" relates to formation of the 
plates in solutions whicli are with- 
out the usual forming agents. A 
cross section of a portion of such a 
plate is shown in Fig. 29. The 



Fig. 29. Cross section of a spun 
plate. 


layer of crystalline lead dioxide is rather thin initially, thus leaving 
space for expansion of the active material during discharge when an 
increase in volume occurs. Combinations of Plante plates with pasted 
negatives are shown in Fig. 30. The use of true Plante negatives, 
similar to the positives, has been declining. The cells are usually 
provided with wood separators. Plante cells find their chief appli- 
cations in stationary service. They are in glass jars for capacities 
up to 800 ampere-hours at the 8-hour rate. 
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Fig. 30. Gould PJante cells. The positives are pure lead, grooved to produce 
evenly spaced ribs. The negatives are pasted plates. 


Batteries for Low Rates 

Low discharge rates imply discharge over long p*eriods of time. A 
storage battery to be suitable for such a purpose must have very little 
local action or self discharge; otherwise a considerable portion of its 
capacity will be spent without doing useful work. The development 
of Willard^s low-discharge battery®^ makes possible the use of lead- 
acid storage cells in circuits where the interval between charging may 
be a year or more, provided the current drain is not enough to exhaust 
the battery in a shorter time. The self discharge occurring in these 
cells has been reduced to less than 15 per cent per year by the use 
of pure lead grids without antimony. The cells are made in three sizes. 
Plates in the largest size are inch thick, 6 inches wide, and 8| inches 
high. Although designed for cycles of service of not less than 3 

52 C. C. Rose and A. C. Zachlin, Low-discharge cells, Tram. Electrochem. Soc,, 
68, 273 (1935). 
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months, they can deliver very appreciable currents for short periods 
of time in intermittent service. The initial voltage is 2.12 volts per 
cell. With a high cutoff voltage of 1.95 volts per cell the average 



Fig. 31. Willard cell for low-discharge rates. Local action in this cell has been 

reduced to a minimum. 

voltage is 2.05 volts. These batteries find use in signal devices, 
alarms, light beacons, program systems, and laboratory installations. 
A cell of 600 ampere-hour capacity is shown in Fig. 31. 

Storage Batteries in Plastic Cases 

The rapid development of plastics has made possible their use for 
battery cases. In the smaller sizes plastics have largely superseded 
glass. Polystyrene is probably the most used. The containers are 
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Fig. 32. Three-cell battery in a plastic case. 


molded and sealed. Figure 32 shows a three-cell battery in such a 
container, hut a large variety of shapes and sizes is now available. 

Closed-Tank Cells 

The large open-tank cells of earlier days are largely replaced by 
the modern closed-tank cells in hard rubber cases. One of these is 
shown in Fig. 33. 

Tank batteries present a problem because of their large size, ranging 
up to several thousand ampere-hours, and the possible accumulation 
of considerable amounts of gas unless forced ventilation is provided. 
The cell shown in Fig. 33 is provided with a ceramic cone through 
which the gases from within the cell can diffuse. Other -explosion-proof 
types are illustrated in the section on telephone batteries in Chapter 10 

Approximate Sizes and Capacity of Plates 

Although a great many different sizes and kinds of plates for lead 
batteries have been made from time to time, certain sizes have come 
into common use, and it is therefore worth while to give a table indi- 
cating the most common sizes for different types of service and the 
nominal capacity per positive plate of cells containing them. In the 
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case of plates for stationary batteries, it will be noticed that there 
is a simple relation between the capacity of the various sizes, which 
is hardly suggested by the irregularity of the dimensions. In making 


use of Table 9, it should be remem- 
bered that the list of sizes is by no 
means complete and that the ca- 
pacity will vary somewhat with the 
quality and thickness of the plates. 
The figures given here serve as a 
general guide to the size and per- 
formance of these jilatcs. 

HAZARDS IN THE PROCESS 
OF MANUFACTURE 

The poisonous nature of lead 
and its comiiounds*'*''^ gives rise to 
certain hazards which deserve 
attention in the process of manu- 
facture. Governmental regulations 
with respect to tlie conditions of 
work, however, have greatly les- 
sened or eliminated the number of 
cases of lead jiuisoning occuriiig 
among employees. Sources of jiois- 
oning are primarily the dust of lead 
and its oxides, and the fumes from 
the melting pots and lead burning. 
The compounds of lead arc pois- 
onous practically in proportion to 
their solubility. 

Bluish fumes may often be ob- 
served over the melting ]iot when 
the alloy is ladled out or the dross 
skimmed off. The quantity of 
these fumes probably depends on 
the temperature of the molten 
metal, but they are generally pres- 



Fig. 33. Gould Tank cell, showing 
ceramic cone, one type of explosion- 
proof vent. 


S3 Alice Hamilton, M.D., Lead poisoning in the manufacture of storage bat- 
teries, Bureau of Labor Statistics Bulletin 166; W. C. Dressen, T. I. Edwards. 
W. H. Reinhardt, R. T. Pope, S. H. Webster, D. W. Armstrong, R. R. Sayers, 
Control of the health hazard in the storage-battery industry, U. S. Public Health 
Service Bull., 262, 1-82, 87-110, 123-134 (1941) ; G. S. Winn and C. Shroyer, 
Control of lead exposure in storage-battery manufacture, J. Ind. Hyg., 29, 351 
(1947). 
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Table 9. Plate Sizes, Lead Batteries 

The sizes listed are those most commonly used, but there are variations in 
dimensions and capacity. The capacities are calculated from the rated capac- 


ities of ordinary types. 





Nominal 



Width, 

Height, 

Capacity per 

Rate of 


in. 

in. 

Positive Plate, 

Discharge, 




amp-hr 

hr 

Starting and lighting 


5 

16 

20 

Isolated plant 



22 

8 

Isolated plant 

n 


44 

8 

Car-lighting plates 

H 

lOi 

50 

8 

Vehicle plates 

5f 

8& 

28 

6 

Stationary plates 

3 

3 

5 

8 

Stationary plates 

4| 

4 

10 

8 

Stationary plates 

6 

6 

20 

8 

Stationary plates 

7| 

7f 

40 

8 

Stationary plates 

11 

lOi 

80 

8 

Stationary plates 

15fV 


160 

8 

Stationary plates 


30| 

320 

8 

Stationary plates 

181 

18| 

184 

8 


ent, and a hood with a forced-air suction is necessary. The dross 
should not be thrown on the floor. The process of burning the plates 
to the straps and the connectors to the posts gives rise to lead fumes 
and requires that good ventilation be provided. Some dust arises 
from trimming the grids and cleaning the lugs, but the greater quantity 
of dust is due to the oxides of lead used for pasting the plates. The 
material for the paste must be weighed and mixed dry. This is a 
dusty process that requires special attention. It should be carried 
on in a separate room provided with forced ventilation, and the 
operatives should wear respirators. There is less danger in the pasting 
process when the paste is wet, but dry scraps of paste produce dust. 
Pasting rooms should always be provided wdth adequate cleaning facili- 
ties and ventilation. 

The forming rooms are often filled with fumes that are irritating 
to the throat of a person not accustomed to them. These fumes are 
caused by the acid being sprayed into the air by bursting bubbles of 
gas as they rise to the top of the forming tanks. Although the discom- 
fort is greater in such a room as this, the hazard is less. Medical evi- 
dence is conflicting as to the possible bad effects of the fumes. It is, of 
course, necessary that the ventilation be sufficient to carry off the 
hydrogen generated, in order to avoid explosions, and the sulfuric 
acid content of the air must be kept low to preserve the insulation as 
well as to avoid discomfort to the workers. 
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THE EDISON CELL (ALKALINE TYPE) 

Positive Plates 

The positive plates of Edison alkaline batteries are filled with 
nickelous hydroxide which is converted to a higher oxide of nickel by 
the process of formation. Since this material is a non-conductor, addi- 
tions of flake nickel or graphite are 
made to provide the necessary con- 
ductivity. An early form of Edi- 
son cell employed graphite for this 
purpose, but with the change in 
constnietion of Edison cells in 1908 
the use of graphite was discon- 
tinued, flake nickel being used in 
its place. Some other alkaline bat- 
teries, however, use graphite. 

A positive plate is shown in Fig. 
34. 

The electrolyte for all these 
alkaline cells is a solution of potas- 
sium hydroxide in water. To this 
a small amount of lithium hydrox- 
ide is always added for the Edison 
cells. 

Preparation of Nickelous Hy- 
droxide. Metallic nickel in finely 
divided form is dissolved in sulfuric 
acid. The hydrogen which is 
evolved during this process is col- 
lected and saved for use in connec- 
tion with other processes in the 
manufacture of the cell. Certain 
impurities, such as copper, zinc, 
antimony, and iron, arc usually present in the solution and must be 
removed. The solution of nickel sulfate is then sprayed into tanks 
containing a solution of hot sodium hydroxide. Nickelous hydroxide 
is precipitated as a result of the reaction that takes place. The 
precipitate is collected and dried, but it contains considerable amounts 
of sodium hydroxide, carbonates, and sulfates. These may be re- 
moved by leaching the mass with hot water. The nickelous hydrox- 
ide is then dried again and tested to determine its quality. If it is 
found to be satisfactory it is ground and sifted, the material used 
ranging between 30 and 190 mesh. 



Fig. 34. Positive plate of the Edison 
cell, type A. 
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Preparation of the Flake Nickel. The flake nickel which is added 
to the nickelous hydroxide in making the plates is required to give the 
active material sufficient electrical conductivity. The flake nickel 
consists of small squares inch on the edge and 0.00004 inch in thick- 
ness. It is prepared by an interesting nickel-plating process. Ten 
revolving copper cylinders are carried by a crane and dipped alter- 
nately in copper- and nickel-plating baths for sufficient time to deposit 
the thin layers of metal which arc required. The cylinders arc washed 
by sprays of water between each immersion in the plating tank. This 
f)rocess of alternately plating coi)per and nickel is repeated 160 times 
so that the sheet of deposited metal on the cylinders consists of 160 
layers each of copper and nickel. The copper-nickel sheet is then 
stripi)ed from the cylinders and cut into squares on the edge. 

The copper is dissolved chemically, leaving the nickel as thin flakes, 
each little square yielding 160 of these flakes. The flake nickel is 
washed and centrifuged and dried over steam coils. In its final state 
a bushel of the material weighs only 4^ pounds. 


Fig. 35. Positive tube of Edison cell. 

Tubes to Contain the Active Material. Since 1908, the active mate- 
rial for the positive plates of the Edison batteries has been contained 
in steel tubes (Fig. 35) . Prior to this time the material was contained 
in pockets somewhat similar to those which are used for the negative 
plates. This earlier construction was abandoned because of the strains 
created by the swelling of the active material. The tubes are prepared 
from cold-rolled carbon-steel ribbon which is perforated by passing 
through special rolls that punch 560 holes to the square inch. The 
burrs are removed by emery wlieels and the ribboa is cleaned by 
revolving wire brushes, to insure that the perforations are open so 
that the electrolyte may have free access to the active material of the 
plate. The steel ribbon is then nickel-plated. This is done as it 
passes continuously through a series of tanks containing the necessary 
solutions for cleaning, plating, and washing. The first of these tanks 
contains a solution of sodium carbonate to remove the grease from 
the steel ribbon. This is followed by a tank of hot water to wash off 
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the alkali. The next tank contains a solution of nickel sulfate, in 
which the nickel plating is done. This is followed l)y two washing 
tanks containing hot and cold water, and finally the steel ribbon is 
j)assed through a tank containing a dilute solution of ammonium 
hydroxide. The time required for a given point on this ril)bon to i)ass 
through the scries of plating and other baths is about 8 minutes. After 
the nickel-plating process is finished, the ribbon is dried and annealed 
in an atmosphere of hydrogen. The purpose of this annealing is to fuse 
together the nickel plate and the underlying steel in order to prevent 
l)ossiblc scaling off of the nickel })lating. This is done in an atmosphere 
of hydrogen to prevent oxidation or discoloration that might otherwise 
take place. 

The tubes which contain the active material of the positive i)lates 
are made from the nickel-plated steel ribbon, by winding it si)irally. 
The seams arc lapped and swaged flat. These tubes are made in rights 
and lefts, which arc alternated in the assembly of the plate, thereby 
('qualizing the strains which would tend to cause buckling. The tubes 
are made -] inch in dianu'ter with a standard length of 41 inches. 

Filling the Tubes. A caj) is i)laccd at the bottom of each tube, and 
a group of tubes is then put into a filling machine which tam])s the 
active material into them. Eight tubes arc mounted in molds below 
a row of weighted ramrods that fall by gravity, striking a blow of 2000 
pounds per square inch. The filling machine is provided with two 
hoppers, one of which dumj)s a si)ecified charge of nickelous hydroxide 
into each tube, and the other a certain quantity of the flake nickel. 
This is followed by a blow of the ramrod. The j)roccss is repeated 
315 times, so that there are 630 layers of alternate nickelous hydroxide 
and flake nickel (Fig. 36) . The layer of the nickel is somewhat thinner 
than the layer of the hydrate, the nickel constituting about 14 per cent 
of the contents of the tube. After the tubes are conij)letely filled, the 
ends arc pinched shut to form terminals which arc suitable for clamp- 
ing into steel grids. Before being placed in the grids, however, the 
tubes are reinforced by eight seamless nickel-plated steel rings. These 
are put on each tube to prevent possible bursting of the tube because 
of the swelling of the active material which takes place during the 
forming process. The active material of the positive plate is said to 
contract somewhat on discharge. 

Positive Grids. These are steel punchings (Fig. 37) which are 
nickel-plated and annealed as has been described above. The pinched 
ends of the tubes are caught underneath ears projecting from the sides 
of the plate. The tubes are clamped in place by a hydraulic press. 
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Fig. 36. Magnified section vertically through a positive tube, showing the 
alternate layers of nickelous hydroxide and flake nickel. 



Fig. 37. Grids of the Edison cell: negative left, positive right. 
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Negative Plates 

The negative plates of the Edison type are filled initially with a 
finely divided mixture of metallic iron, ferrous oxide, and mercuric 

oxide. Negative plates of the 
Jungner cells contain a mixture of 
iron and cadmium. At one time 
cadmium alone was tried in these 
cells. The combination, however, 
proved to be better suited to the 
jnirpose. 

A negative plate is shown in Fig. 
38. 

Active Material. Pure iron is 
dissolved in sulfuric acid. Hydro- 
gen gas is evolved during this proc- 
ess, and this is saved for other uses 
in the manufacture of the batteries. 
The iron, in the form of ferrous sul- 
fate, is recrystallized and then cen- 
trifuged to free it from mother 
liquor. It is dried at temperature 
of 500° C and roasted in an oxidiz- 
ing atmosphere to the ferric state 
(Fe 203 ). Traces of sulfate in this 
material are removed by leaching, 
and it is dried and reduced in an 
atmosphere of hydrogen in a muffle 

Fig. 38. Negative plate of the Edi- furnace. It is then partially oxi- 
son cell, type A. dized to ferrous oxide, after which 

it is dried and ground. 

Negative Pockets. The active material for the negative plates is 
contained in steel pockets (Fig. 39) with perforated sides. These are 
prepared from nickel-plated ribbon similar to that used for making 




Fig. 39. Negative pocket of Edison cell. 
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positive tubes but more finely perforated. The ribbon is cut to the 
proper length and pressed into a form similar to a box, one end being 
left open for filling with active material. The pockets are fastened 
in the negative grid (Fig. 37), which is a nickel-plated steel punching 
having a series of parallel openings of the proper size to take the 
pockets of active material. The pockets are put in place, and a 
hydraulic press seals the boxes and crimps the sides. The dimensions 
of the pockets are given in Table 10. 


Taple 10 . Types of Edison Storage-Battetiy Plates | 

Tiio types of plates are designated by letters; the types of cells by letters and 
numbers, the former indicaxting the type of plate and the latter the number of 
positive })lates in the cell, except in type M. Ratings are based on 5-hour \ 
discharge for types A, B, C, D, AT, N, F. \ 




Dimensions of 

Number 

of 

Dimensions of I 


Number 

Tubes 

Pockets 


Type 

of 

Plate 







01 X uoes 

per 

Positive 

Plate 



Pockets 




Diam- 

eter, 

Length, 

in. 

per 

Negative 

Length, 

in. 

Width, 

in. 

Thick- 

ness, 


in. 


Plate 



in. 

A 

30 

1 

4 


24 

3 

1 

2 

1 

H 

B 

15 

1 

4 

4^ 

16 


1 

2 

1 

R 

C 

45 

1 

4 

4J 

40 

4c 

1 

2 

1 

"8 

D 

60 

1 

4 

4-5 

1 48 

3 

1 

2 

1 

8 

M 

7t 1 

1 

4 

3i 

3 

3 

1 

2 

1 

8 

N 

7 1 

1 

4 


3 

3 

1 

2 

1 

8 

F 

4 

1 

4 

45 

4 

9 *'» 

1 

2 

1 

8 


Nominal 
Capacity 
per Posi- 
tive 
Plate, 
amp-hr 


37.5 
18.75 
56 25 
75 0 
5.62 
5.62 
5.0 


* Twenty-four pockets are 3 inches and 16 pockets are 2 / 3 - inches, 
t The number for type M indicates the number of positive tubes in the 
battery instead of the number of positive plates. 


Assembly 

The necessary number of plates of each kind for any particular size 
of cell are mounted on steel rods which pass through the eyes of the 
grids at the top of the plates. The plates are separated from one 
another by means of washers fitting on this rod and are locked in place 
by a lock washer and nut on the end of the rod. Groups of positive 
and negative plates, corresponding to the positive and negative groups 
of the lead storage batteries, are assembled in this way. The rod 
which supports the positive or negative plates and connects them 
electrically is called the ^^connecting rod.” The groups of positive 
and negative plates are intermeshed to form the element, and the plates 
of opposite polarity are separated by hard rubber pins. Side sepa- 
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Fig. 40. The Edison cell, nickel-iron or alkaline type of storage cell. 


rators, consisting of flat sheets of hard rubber, are used around the 
outside of the element to insulate it from the walls of the container. 
The element, when completely assembled, is slipped into the contain- 
ing jar or can and rests upon a bridgework of hard rubber at the bot- 
tom. A complete cell is shown in Fig. 40. The can is made from sheet 
steel, nickel-plated. The newer cells are without corrugations as 
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thicker metal provides the necessary strength. The metal is bent into 
shape around a form, and the side seams are welded by an oxyacetylene 
flame. The bottom of the cell is welded to the sides of the can, and 
after the element is in place the top seams are welded also. The con- 
tainer parts, such as cover, sides, and bottom, are nickel-plated before 
welding and after welding also. The terminal posts for the plate 
groups pass through openings in the top of the cell and are sealed into 



Fig. 41. Gas valve and vent on the Edison cell. 


place by a combination of hard- and soft-rubber gaskets and bushings. 
The bushing around the positive pole is red, while that around the 
negative pole is black. In this way a clear indication of the polarity of 
the cell is given. In the center of the cover is a combination valve and 
filler (Fig. 41). This consists of a hemispherical valve equipped with 
a spring that permits the valve to be opened for filling the cell with 
electrolyte or water but normally presses the valvo-against the seat. 
As the pressure of gas in the cell rises when it is on charge, the valve 
is displaced, allowing the gas to escape. This gives rise to the familiar 
popping sound which is often heard when batteries of this type are 
being charged. The satisfactory operation of the cell depends in 
considerable measure upon the gas valve, since the electrolyte, potas- 
sium hydroxide, has a strong tendency to absorb the carbon dioxide 
from the air. The valves may be easily opened, however, for filling 
the cells with water. 
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The terminal posts for the cells are of steel, tapered and ground to 
fit the lugs of the intcrcell or intertray connectors. The top of the post 
is threaded to take a lock nut. The lugs of the intercell connectors 
are drop forgings of steel, bored, reamed, and ground to fit the taper of 
the terminal posts. Both the terminal posts and the lugs are finished 
by nickel-plating and annealing in an atmosphere of hydrogen. This 
prevents the corrosion of the steel and provides a satisfactory contact 
surface in spite of the thin oxide film that exists on the nickel surfaces. 
The connecting links are copper swaged into the lugs, and the whole is 
nickel-plated. The lugs may easily be removed from the terminal 
posts by the use of a wrench and jack; these tools are necessary because 
the lug generally becomes “frozen’’ to the posts. 

Electrolyte 

The electrolyte for the alkaline cells is a solution of potassium 
hydroxide in water. For the Edison cells a small amount of lithium 
hydroxide is added because of its beneficial effect on the capacity of 
the cells. As a substitute for the potassium hydroxide, an electrolyte 
of sodium hydroxide has been tried, but the physical properties of this 
solution are not as good for the purpose as those of the potassium solu- 
tion. The preparation of the electrolyte and the physical properties 
of it are described in Chapter 3. 

Trays 

The cells are usually mounted in trays which have open sides and 
in most cases are bottomless. Some of the larger locomotive batteries 
are now available in steel cradles or steel boxes. The cells are sup- 
ported in these trays by bosses (Fig. 42) on the sides of the cans of the 
individual cells. The bosses fit into rubber buttons in the sides of the 
tray. These supports serve also to separate and insulate the cells, 
which is quite necessary because the containers for these cells are 
metallic conductors. The outside surface of the cells is coated with an 
insulating paint, and a film of rosin or liquid “Esbaline” is used to 
protect the top. 

Types and Sizes of Edison Plates 

The sizes of the Edison batteries are described in Chapter 10 in 
connection with the discussion of applications which arc made of them. 
In this place, however, will be given a table analogous to that which 
has been given for the lead batteries, showing the different types of 
plates for Edison storage batteries, the number of tubes and pockets 
that they contain, with dimensions, and the nominal capacity of these 
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plates at the normal rate of discharge. The nomenclature for the 
Edison cells is simple. The type of cell is designated by a letter fol- 
lowed by a number. The letter indicates the type of plate which the 
cell contains, and the number indicates the number of positive plates. 
An exception is made for the smaller sizes of the Edison batteries; for 



Fig. 42. Method of supporting Edison cells in the tray. 

these the number indicates the number of positive tubes instead of the 
number of positive plates. 

The standard })latc for the Edison battery is called the A plate. 
This is designed for general purposes, electric vehicles, trucks, locomo- 
tives, isolated farm lighting plants, and railway train lighting. The 
next most common plate is known as the B plate. It is used for light- 
ing service, ignition, fire- and burglar-alarm systems, and clocks. B 
plates have half the capacity of A j)Iates. C plates are equal to an A 
plate plus a B plate. D plates have double the capacity of A plates. 
The M and N types contain positive tubes inches long and seven 
tubes to the plate. These are small plates designed for use with mine 
lamps, clock circuits, and time recorders. In addition to the types 
named above, there is also the F plate, used in mine-lamp batteries. 

Some types of cells arc designated by additional letters H or HW. 
These signify variations in the container: A6H is an A6 cell in a 
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container that has extra height, and A6HW has extra height and width. 
The additional space allows more electrolyte to be used so that flushing 
is required less often. 

NICKEL-CADMIUM CELLS (ALKALINE TYPE) 

Although nickel-cadmium cells were little known in this country 
until recently, their production in Europe increased greatly after 1930. 
They are used for emergency lighting, control and switch-gear opera- 
tion, marine services, railroad signaling, Diesel starting, and auxiliary 
power systems. Cadmium is said to be less subject to self discharge 
than iron and is relatively free from passivity at low temperatures. 
The average voltage of a cell on discharge is about 1.2 volts. 

Nickel-cadmium cells now arc known in two distinct forms. The 
older is the Jungner type of cell developed first in Sweden about 1900, 
and the other is an impregnated sintered-plate type which apparently 
originated in Germany during World War II. Both are now being 
made in this country. The sintered-plate type at the present time is 
used more for military purposes than the Jungner type. 

The Jungner Type of Cell 

The positive and negative plates are usually similar in construction, 
(‘onsisting of perforated pockets which contain the active materials. 
However, the i)ositive plates in some p]uroj)ean types of nickel-cad- 
mium cells are of tubular construction and resemble closely those 
found in Edison cells. The pockets for both i)Ositive and negative 
plates are made from perforated steel ribbon which has been nickel- 
plated and annealed in hydrogen. Provision must be made for some 
expansion of the positive active materials within the pockets. Pro- 
gressive swelling of positive plates in American-made “Nicad” bat- 
teries was corrected by the use of nickelic (black) hydroxide instead 
of the nickelous hydroxide (green) as the filling for the pockets. To 
that is added highly purified natural graphite to increase the con- 
ductivity. 

Pockets of the negative plates are filled initially with cadmium 
oxide, CdO, or cadmium hydroxide, Cd(OH) 2 , either of which is 
reduced to metallic cadmium in a spongy form on the first charge. 
Most manufacturers of these cells add iron (5 to 30 per cent) to the 
cadmium in order to obtain the required degree of fineness of the 
cadmium. The beneficial effect of the iron seems to be a more or less 
empirically determined fact, and the real function of the iron is not 
entirely clear. Some have thought that it forms an alloy with the 
cadmium; others have regarded it as an expander; and still others 
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think that the sole function of the iron is that of a disperser to bring 
about a finely divided state of the electrolytically precipitated cad- 
mium. Iron in the metallic state 
undoubtedly increases the conduc- 
tivity of the active material, but 
cadmium oxide itself is a rea- 
sonably good conductor. Whether 
iron oxidizes during discharge is 
also subject to differences of 
opinion. Crennell and Lea^^ in- 
dicate that it may do so and con- 
tribute a small part of the dis- 
charge capacity, but Hauel^^ is of 
the opinion that the iron takes no 
part in the current-producing 
process. 

The pockets for holding the ac- 
tive material of both positive and 
negative plates of Nicad batteries 
are standardized at inch, but 
the length may be varied. These 
are pressed into grids, usually 
called frames, made of nickel- 
plated steel. The plates are as- 
sembled into elements, rods of 
polystyrene being used as separa- 
tors between plates of opposite 
polarity and sheet hard-rubber 
separators between the sides of 
the element and the inside of the 
steel container of the cell. The 
container is welded along all seams 
and at the top and bottom. It should not be grounded. Terminal 
posts are sealed through rubber glands. The positive is marked 
and further identified by a red bushing. The negative has a black 
bushing. Vent caps are spring-loaded and should be kept closed. 
The containers or cans are provided with bosses to support the cells 
in trays in much the same manner as for Edison cells. 

T. Crennell and F. M. Lea, Alkaline Accumulators, p. 120, Longmans, 
Green and Co., London, 1928. 

®*Anna P. Hauel, The cadmium-nickel storage battery, Trans, Electrochem. 
Soc,, 76, 436 (1939). 



Fig. 43. Nicad, nickel-cadmium cell. 




Table 11. Type “S'" Standard Range Normal-Duty Batteries 

Over- All Dimensions of Battery Trays in Inches 
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• Includes electrolyte and portion of wood tray. 

t The cells have extra large electrolyte space above the top of the plates. 
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A complete cell, cut away to show the construction, is illustrated in 
Fig. 43. 

Of the Nicad batteries which are made in this country, type S is 
intended for normal duty. This, however, does not include cycling 
the cells. Type L is a variation intended for light services, and these 
cells have capacity ratings similar to the S cells. Type THR cells are 
designed for heavy duty, such as starting Diesel engines. 

Table 11 gives data on the type S cells. The capacity in ampere- 
hours is specified at the 8-hour rate. The normal charging period is 
7 hours. In the type designations the number represents the whole 
number of plates per cell, and the letter H, if used, indicates the 
‘^high^^ type of cell which provides extra space for electrolyte. 

Some cells of the type S arc intended for stand-by service and may 
be subject to heavy drains incident to emergency operation. These 
are listed in Table 12. Capacities are listed for the 8- and 3-hour 
rates and also for the 1 -minute rate. In many instances these bat- 
teries will be floated on the line. Data for floating voltages are given 
in the table. 

Sintered-Plate Cadmium Batteries 

This type of cadmium battery differs materially in construction and 
performance from the more familiar type described above. Often 
known as the Durac^^ type, it was developed in Germany during 
World War II. 

The plates consist of a highly ])orous structure of nickel impregnated 
with the active materials nickel oxide and cadmium. Fleischer dis- 
tinguishes between plaques and plates. The plaques are the sintered 
metal bodies before being impregnated; after that they are called 
plates. 

To obtain plaques of 60 to 90 per cent porosity it is necessary to 
use a nickel powder of low apparent density. This is prepared by 
thermal decomposition of nickel carbonyl vapor. The apparent 
density of nickel carbonyl can be as low as 0.6 g/cc, but in battery 
construction, material of 1 g/cc is employed. It sinters in a protecting 

D. Chu, The Durac nickel-cadmium alkaline battery, Natl. Research 
Council Can., Elec. Eng. Radio Br. Kept. ERB 172 (1947). Arthur Fleischer, 
Sintered-plates for nickel-cadmium batteries, J. Electrochem. Soc., 94, 289 (1948). 

5’^S. E. Buckley, et al.. Carbonyl nickel and carbonyl iron powders, their pro- 
duction and properties, BIOS Final Rept. 1676 (1947). N. V. Sidgwick, in his 
Chemical Elements and Their Compounds, Clarendon Press, Oxford, says on 
p. 1451 of Volume 2, that the chief of the nickel carbonyls is Ni(CO) 4 , a highly 
poisonous material made by passing carbon monoxide gas over finely divided 
nickel at a temperature below 100® C. 



Table Type "S” Nicad Batteries for Switchgear Operation, Supervisory Controt. 

AND f :ergen'cy Lighti 


Materials and Methods of Manufacture 


99 


ir-ot'-ocoTfoo^ioto 
I— <e' 4 <MCOCOPOCOrf-«t<^ 


| 0000 »OMrHQO^'^.-t «00 

[rH‘ 0 t 00005 <M'« 4 <S 000 OC^Tt <00 
rvi rsi rvj 


M^OOOOOtDC^«DC«JQO«NCSIO 

.^OOOiNOOi'^OOWtDOrfOitO 


"S, ^|uOf-i|aci ,h|oo iOloo •ftl'® lOlop rHioft iHlui H ^ «|a0 m|ao colao wloO 

SrC^<MC‘IC^<M<NC 0 '»J*-^‘ 0 » 0 if 5 eD 

ffi 


> i - 

o i C 

Q o 


.^litft.^loor'^laonloomloorsler 

-^■^t^<MCOcO'*l<'^tO'-<COcO «0 

5 j<Mr- 4 ,_c^C'ieocoececeocoe» 3 eo 

1-3 


4 *c»oooooo 2 S 55 oo<»oo<»oc>ooc® 

^i-ic*5eocc«*5*^copoeocoeocoM 


?• o 05 Oi 05 o> 05 05 o> o> a> oi Oi 


92 c^QOoooo*>oooooooooooooocx) 

CO ^ 


fc-r^iMtDQO^jO-ti^tJC^CIOloOO 
005 -— <D,<i»cocDOTt‘QOr-(MC>-i»'^cDeo'<*’ 


S" - »-^'Ocoqo£ 2 ‘ 2 cmcj-^co -^05 0 

5 <y 4 »(X>o 60 (M'^QO^»C>t'-OCO<OC^ 

^ ^ P IX O t-i-^»-'’-^(NC^(Mcocoeo'^ 


»MSSc 005 i 0 t 0 '^ 
a> cs (M CO -f 


»o r- 00 05 o 


o 1— I ^ 5 j 

jO ft o 


J— rt<iOiC(N«C>l'-Or^»Ot>-OcOC^ 
CJ «0 GO CO CO <M 05 Tt« »-i — ' 


w-S « 2-2 

o,o«<Dr.o 


C 4 UOOQO-^COOcDtOcOt -0 


^oiS 1 , 030 ' 


wHSgSSSSSSSSS 

SoosegSSfSSSSa 

IS!SSW®WffiSl 5 W&t 3 t 3 *J 

QQ<»QQ0QCQCQCQCCaQGQ<RCl3aQ 


^Includes electrolyte and portion of wood tray. 



100 


Storage Batteries 


atmosphere without the need for compacting at temperatures as low as 
500° C, but higher temperatures are generally used. Chu gives the 
sintering temperature of his nickel powder as 900 to 960° C. 

Grids are usually a coarsely woven wire cloth of about 20 mesh and 
may have a frame around the wire. A thin nickel strip is welded to 
the cloth to provide the lug. The grids are usually of nickel, but 
nickel-plated iron has been used. 

In making the plaques, the form of the plate is cut in a block of 
graphite about 1 inch thick. The carbonyl nickel is sifted into tl>e 
opening to about half depth, and then the grid is laid on it and co^”- 
ered with the other half of the powder. A graphite cover closes th^c 
mold. The sintering furnace is provided with a cooling chamber into 
which the graphite block passes after about 10 minutes’ heating. 
the protective atmosj)hcre of nitrogen and dissociated ammonia the\ 
plaque is finished, and it then has about 80 per cent porosity. 

Impregnation is accomplished in solutions of nickel or cadmium 
salts, preferably the nitrates. Electrolysis is done in an electrolyte of 
25 per cent sodium or potassium hydroxide heated to nearly 100° C. 
The current density is high and maintained for about 20 minutes while 
vigorous gassing occurs. The washing that follows in flowing tap 
water is critical and may last 3 hours until the effluent water has a 
pH of 9. The plates are dried at 80° C. This cycle of impregnation 
is repeated 4 or 5 times, each succeeding cycle making the washing 
more difficult. 

The finished plates are assembled into cells, using plastic rods as 
separators. The initial voltage is about 1.4 volts. These cells are 
still more or less in the experimental stage, and few operating data are 
available. On life tests they are said to have passed 300 cycles of 
charge and discharge. 

SILVER OXIDE BATTERIES 

A third type of alkaline storage battery which has become available 
employs zinc and silver oxide as electrodes in a solution of potassium 
hydroxide saturated when in the discharged condition with zinc 
hydroxide. Interest in this type of cell became widespread during 
World War II because of the cell’s large output per unit of space and 
weight. Many laboratories have been concerned with its development 
both as a primary battery and as a storage battery. Some of the 
previous investigations were reported in my book Primary Batteries.^^ 

Silver oxide, Ag20, and the more highly oxidized state, silver 

58 G. W. Vinal, Primary Batteries, Chapter 9, John Wiley & Sons, New York, 
1950. Data given there will not be repeated here. 
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peroxide, Ag202, are prepared by electrolytic oxidation. The charg- 
ing voltage is limited to 2.1 volts per cell. Oxygen evolution occurs 
if the voltage reaches about 2.3 volts. 

The chemical reactions of charge and discharge as given by the 
Yardney Electric Corporation are as follows: 

Ag -f- Zn(OH) 2 ''= — AgO -f- Zn -\- TT 2 O 

discharged charged 

The preferred method of charging these cells is by constant current 
at a rate approximating completion in 10 to 15 hours. The end of 
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Fig. 44. Typical curves of charge and discharge of the Yardney Silvered. 
Note the flat voltage characteristic. 


charge is indicated when the terminal voltage reaches 2.0 or at most 
2.1 volts per cell while current is flowing at the specified rate for the 
type of cell. Undercharging is not harmful except as the capacity 
of the cell may be limited, but overcharging is definitely to be avoided. 
The ampere-hour efficiency is about 80 per cent. 

Charging may be done also by the modified constant-potential 
method from a d-c source of 2.2 to 2.5 volts with a series resistance in 
the circuit to limit the initial current to that corresponding to the 
l-hour rate. This charging method is limited to charging a single 
cell. 

As a third method of charging the stepwise decreasing current may 
be used. For each type there is a specified maximum initial charging 
current, and reductions to lower values are made each time the termi- 
nal voltage reaches the specified maximum, not exceeding 2.1 volts. 

The silver cells can be operated in series or parallel provided they 
are of the same type and size, but some preliminaries are necessary. 
Before assembly into a battery they should be completely discharged 
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to zero volts at a rate equal to the 1-hour rate or less. Series-con- 
nected cells are charged as outlined above, but })arallel-connected cells 
should not be charged while so connected. 

Distilled water may be added to fully charged cells when they 
appear to be dry. Normally only a small excess of electrolyte will 
appear above the top of the element. Cells intended for storage up 



to 2 months should be discharged to zero volts. Storage may be at 
normal temperatures, but cold storage even as low as 0° F is preferred. 

Operating characteristics of silver oxide cells arc interesting because 
of the large output in proportion to the weight and the space that 
they occupy. Typical curves of charge and discharge are shown in 
Fig. 44, and a cut-away view of a cell to show- construction is in 
Fig. 45. Local action may be considerable, and the silver oxide is 
easily reduced by small amounts of organic matter. 

Aside from military applications, the silver cells are finding use in 
motion picture and television cameras, radio and sound apparatus, 
model planes and boats, and battery-powered test instruments and 
toys. 



The Electrolyte 


The electrolyte for lead storage batteries is a solution of sulfuric 
acid. This has been used since the beginning of the industry. In this 
chapter a brief description of the preparation of sulfuric acid and the 
jihysical and chemical properties of its solutions, which arc impor- 
tant in studying the subject of storage batteries, will be given. 

Sulfuric acid is one of the most important of chemical compounds 
because of the great variety of its uses. Its manufacture antedates 
tlic beginnings of modern chemistry. It is marketed under a variety 
of names, depending on the strength and purity of the acid. Chamber 
acid is a dilute acid containing from 62 to 70 per cent sulfuric acid; 
tower acid contains 75 to 82 per cent acid; oil of vitriol contains 93 to 
97 per cent acid; monohydrate contains 100 per cent acid; fuming acid, 
or oleum, contains sulfur trioxide dissolved in concentrated sulfuric 
acid. The strongest acid that can be prepared by evaporation is about 
98.5 per cent. The significance of these names will appear in later sec- 
tions. For the storage battery, the chemically pure oil of vitriol, 
diluted to the proper concentration, is of greatest importance. Since 
the term “oil of vitriol” is sometimes used to designate the more impure 
or technical grade of acid, including the brown oil of vitriol, it is better 
to adhere to the term “sulfuric acid,” meaning thereby the chemically 
pure acid. 


THE PRODUCTION OF SULFURIC ACID 

Sulfuric acid in the free state occurs in small quantities in volcanic 
regions, and natural sulfates are abundant; but these sources are not 
utilized for producing the acid in large quantities. The commercial 
processes are based on the oxidation of sulfur dioxide to the trioxide 
state, which in combination with water yields sulfuric acid. 

The combustion of sulfur in the air results in the formation of 
sulfur dioxide, SO 2 , which is a colorless gas having a suffocating odor. 
This dioxide is not combustible but may be further oxidized to sulfur 
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trioxide, SO;^,, through the agency of nitrogen oxides or in the presence 
of certain catalysts. Trioxide of sulfur is also called sulfuric an- 
hydride. It is a transparent crystalline solid that unites with water 
with explosive violence and with the evolution of a large amount of 
heat, forming sulfuric acid. The general reaction may be represented 
by the following equation: 

SO2 + 0 + H2O == H2SO4 

This reaction, however, is not as simple as the equation would/ 
indicate. The oxidation of the dioxide to the trioxide state is a slow! 
reaction that is difficult to perform, and the sulfuric anhydride forms, 
with the water, a series of compounds that are called hydrates. These 
may be represented by the formula ?/i*S 03 *n-H 20 , in which m and n 
are whole numbers indicating the number of gram-molecules of the 
anhydride and water, respectively. If m is less than n or equal to it, 
the acid is of the ordinary non-fuming variety. When m exceeds n, 
the formula represents fuming sulfuric acid. This fact enables us to 
distinguish the fuming from the non-fuming acid by the percentage 
content of the sulfuric anhydride. One gram-molecule of the anhy- 
dride weighs 80.06 grams, and a gram-molecule of water weighs 18.016 
grams. The limiting percentage of the anhydride in the non-fuming 
acid is, therefore, the ratio of 80.06 to 98.076, which equals 81.63 
per cent. 

Since 98.076 is the molecular weight of sulfuric acid, according to 
the formula H 2 SO 4 it is possible to compute from the limiting per- 
centage of the anhydride the amount of it present in any solution when 
the percentage of sulfuric acid is known. For example: The acid of 
specific gravity 1.300, commonly used in certain types of batteries, 
contains 39.1 per cent of sulfuric acid and 39.1 X 0.8163 = 31.9 per 
cent of the sulfuric anhydride. 

Two processes are used at the present time for the manufacture of 
sulfuric acid. These are commonly called the ‘‘chamber^’ and the 
“contact^^ processes. The difference between them consists in the 
method employed to oxidize the sulfur dioxide to the trioxide state. 
The contact process is supplanting the chamber process for the prepara- 
tion of concentrated acid, but about half of the sulfuric acid produced 
in the United States is made by the chamber process. 

As a preliminary to either of these processes, the production of 
sulfur dioxide is necessary. The purest sulfur dioxide is produced 
by the direct combustion of sulfur, but a common method is by the 
roasting of iron pyrites, which contain ordinarily from 40 to 50 per cent 
of sulfur. Other raw materials include zinc blende, galena, and the 
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spent oxides of gas works. The oxide obtained by burning pure sulfur 
is free from arsenic, iron, copper, and zinc, which usually appear in 
the gas obtained by roasting the pyrites. 

In the chamber process, the oxidation of the sulfur dioxide is 
effected by the aid of oxides of nitrogen in a series of lead-lined cham- 
bers, from which the process takes its name. The hot gases from the 
sulfur burners or the roasting ovens pass into a tower, called the Glover 
tow’er, filled with broken firebrick over which flows a stream of dilute 
sulfuric acid (part of the acid from the chambers), which cools the 
gases and effects a partial concentration of acid. Goncentrated sul- 
furic acid, containing oxides of nitrogen, also flows in this tower. The 
oxides of nitrogen are liberated near the toj) of the tower by the dilu- 
tion of the strong acid by the weak acid. The oxides of nitrogen and 
sulfur mix, starting the formation of the sulfur trioxide; this process is 
continued in the chambers to which the mixed gases next pass. Water 
and nitric acid are sprayed into tlicse chambers. The water absorbs 
the trioxide' as it forms. The oxides of nitrogen pass on to the Gay- 
Lussac tower, where they are reabsorbed by concentrated sulfuric 
acid and are used again. The principal product of tlie plant is the 
chamber acid drawn from the chambers. As this is relatively dilute 
it is concentrated by evaporation. Platinum, iron, silica, and glass 
serve as materials for the concentrating apparatus. They are not 
entirely inert. About 1 gram of platinum is lost per ton of acid that 
is concentrated in platinum stills or dishes. This represents about 1 
part of platinum in 1 million parts of the acid, which would be suf- 
ficient to cause trouble in a storage battery. Platinum has become so 
expensive that it is rarely used now for this purpose. 

The contact process is simpler. Sulfur dioxide may be oxidized to 
the trioxide state in the presence of sponge platinum and certain other 
catalysts, at a temperature of about 400 to 450° C. The process will 
proceed with evolution of much heat after being started. Other 
catalysts that are sometimes employed for this purpose are iron oxide 
and v^anadium. The combination of pure water and pure sulfur 
trioxide results in the formation of pure sulfuric acid, which may be 
made of any desired degree of concentration. The contact process 
also requires two stages for the formation of sulfuric acid. These 
may be represented by the following formulas: 

SO 2 + 0 = SO3 and SO3 + H2O — 112804 

Impurities, such as arsenic from the pyrite, must be removed, as they 
interfere with the action of the catalysts. 

Storage batteries require a high purity of sulfuric acid. For this 
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reason acid made from pure sulfur is preferable to acid made from 
pyrites. The source of the acid cannot always be ascertained, and it 
is important, therefore, to have specifications to insure an adequate 
degree of purity. 

The conditions for storing and shipping sulfuric acid vary with the 
concentration. Acid up to about 75 per cent has little effect on lead; 
above this strength the acid attacks lead if hot. Concentrated acid 
readily dissolves lead at about 250'' C. Monohydrate and fuming acid 
attack lead at ordinary temperatures. Strong acid, particularly the, 
concentrated acid, has very little effect on iron. Cast iron is somewhatl^ 
more resjstant than wrought iron, but cast iron is not suitable for use 
with fuming acid. Alloys of iron and silicon are very resistant to the 
non-fuming acid and are extensively used for concentrating the acid 
up to 98 per cent. Dilute acid cannot be stored in iron containers, 
and glass carboys or lead-lined tanks are generally used for this 
purpose. 

PROPERTIES OF SULFIIRJC ACID SOLUTIONS 

(Concentrated sulfuric acid is a clear, colorless, and odorless liquid 
having the consistency of a light oil. Its specific gravity is 1.84 at 
15° C (59° F), and it contains about 95 per cent acid. It is miscible 
in all proportions with water, forming a series of hydrates, several of 
which are of interest in battery investigations. When the acid is 
mixed with water a large amount of heat is evolved. Sulfuric acid is 
a dehydrating agent having such a strong affinity for water that it 
(^an remove even chemically combined water from organic substances 
such as the separators in storage batteries. Wood becomes charred if 
immersed in moderately strong acid, and the carbon gives the wood 
a darkened appearance. The concentrated acid boils at 338° C 
(640° F). When boiled, it liberates a gas of the same composition, 
which appears as a dense white vapor because of the absorption of 
water vapor from the air. 

Heat of Dilution 

The amount of heat which is liberated when 1 gram-molecule of 
acid is diluted with n gram-molecules of water is shown in Table 13. 
When the amount of water added is so great that the solution may be 
considered to be infinitely dilute the total heat evolved is found to be 
23.54 kilogram calories. In Table 13 the difference between amounts 
of heat liberated at any two different concentrations represents the 
amount of heat that would be liberated in diluting the more con- 
centrated to the less concentrated solution. For example: By diluting 
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Table 13. Relative Heat Content, Heat of Dilution, and 
Specific Heat of Sulfuric Acid Solutions 
(One mole of sulfuric acid is diluted with n moles of water.) 


n Moles 

Per Cent 

Specific 

Gravity 

Relative 
Molal Heat 
Content 

Heatt of 
Dilution 

Specific Heat 
(Heat 
Capacity) 

of 

of 

at 

at 25° C, 

at 25° C, 

at 25° C, 

TIoO 

H0SO4 

25° G 

kg cal* 

kg cal 

cal/g 

0 

100 


23 54 

0 

0 337 


93 19 


20.35 

3.19 

0 370 

1 

84 48 

1 774 

16 72 

6.82 

0 442 

2 

73 13 

1 «48 

13.58 

9.96 

0 466 

3 

()4 47 

1 548 

11.66 

11.88 

0.501 

5 

52 13 

1 -116 

9 45 

14.09 

0.582 

10 

35 25 

1 262 

7.30 

16 24 

0.722 

20 

21 40 

1 150 

() 23 

17.31 

0 831 

50 

9 82 

1 0(>6 

5 78 

17 76 

0.918 

100 

5 16 

1 034 

5 62 

17.92 

0 955 

200 

2 65 

1 017 

5 41 

18 13 

0 976 

400 

1 34 

1 009 

5 02 

18 52 

0 987 

1 ,600 

0 34 

1 002 

4 04 

19 50 

0 997 

6,400 

0 08 


2 90 

20 64 


25,600 

0 02 


1.54 

22.00 


00 

0 00 

1 000 

0 00 

23 54 

0.9989 


* K. I). Rossini, (^liefnical Thcrniodifnatnics, f). 2S0, John Wiley & Sons, 
Now York, 1950. 

t The heat liberated when the ordinary concentrated acid (93.19 per cent) 
is diluted can be calculated by subtracting the respective molal heat contents 
from 20.35 kilogram calories. 

112804-31120 to 112804*1001120, the amount of heat evolved is 17.92 
— 11.88 -■=^ 6.04 kilogram calorics. The kilogram calorie is the amount 
ol heat required to raise the temperature of 1 kilogram (2.2 jiounds) 
of water 1 degree Centigrade, the initial temperature being 15° C. 

The relative heat content of sulfuric acid solutions is of importance 
in the theory of storage batteries because of the relation that exists 
between the voltage and the concentration of the acid. In Chapter 4 
it will be shown that the voltage of a lead storage cell varies in a 
definite way with the concentration of the acid in the pores of the 
plates. It is possible to calculate the voltage corresponding to various 
concentrations of electrolyte by an application of the laws of thermo- 
dynamics. 

Although the amount of heat evolved when the acid is diluted with 
a given portion of water is accurately known, the temperature to which 
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the mixture rises will depend on the specific heat of the liquid (which 
varies somewhat with temperature) and the loss of heat from the 
solution. When a large amount of acid is prepared for use in storage 
batteries by dilution in a lead-lined tank, the loss of heat is propor- 
tionately less than when smaller amounts arc mixed in containers 
having less heat insulation. In any event, if it is assumed that the 
loss of heat is negligible, it is possible to compute the maximum 
temperature to which the solution will rise from the heat evolved and 
the specific heat. For example: If 1 gram-molecule of acid (98 g), 
is mixed with 10 gram-molecules of water (180 g), the initial tempera^ 
ture being 15° C, the temperature rise will be 


(f - 15°) 


16,240 cal 
0.722 X 278 


whence 81° -f 15° ^ 96°. By experiment with a glass beaker 
wrapped in a towel, the maximum temperature attained was 85°. 

Storage-battery electrolyte is sometimes prepared from the acid of 
1.400 sp. gr. Then the heat of dilution is 16.00 — 14.35 == 1.65 kilo- 
gram calories, which is only 10 per cent of the heat evolved if electro- 
lyte of 1.280 sp. gr. is prepared from the concentrated acid. 


Contraction of the Solution 

When 1 volume of sulfuric acid is diluted “with 1 volume of water, 
tlie volume of the solution is not 2 volumes but slightly less after the 
solution has cooled to the initial temperature. The same is true for 
any proportions of tlie acid and water; the sum of the original volumes 
exceeds the volume of the solution. The contraction is greatest for 
solutions having a specific gravity of 1.600. Table 14 shows the con- 
traction of solutions of various concentrations. 

Table 14. Contraction of Solutions of Sulfuric Acid 
(The contraction is expressed as milliliters per kilogram of the solution, 18° C.) 


Specific Gravity 

Contraction* 

Specific Gravity 

Contraction* 

1.000 

0 

1.500 ‘ 

60 

1.100 

25 

1.600 

62 

1.200 

42 

1.700 

60 

1.300 

51 

1.800 

48 

1 400 

57 




* Calculated from Pickering^s results, J, Chem. Soc.y 57 , 148 (1890). 

It is often convenient to dilute the sulfuric acid by measured volumes 
to obtain a required percentage strength or specific gravity. Allow- 



109 


The Electrolyte 

ance must be made for the contraction of the solution in estimating the 
required proportions of acid and water. To facilitate the preparation 
of such solutions, the percentage content of sulfuric acid solutions by 
both weight and volume is given in Table 21. 

To illustrate the application of Tables 14 and 21 to the preparation 
of electrolytes of various concentrations for storage batteries, the fol- 
lowing example is given: Required the percentage of sulfuric acid by 
volume in a solution of 39.1 per cent by weight (1.300 sp. gr.). One 
liter of the concentrated acid weighs 1840 grams, whence 1840/0.391 = 
4706, the total weight of the solution containing 1840 grams of acid. 
Subtracting from this the weight of the acid, the weight of water is 
found to be 2866 grams. Since the specific gravity of the water is 
unity by definition, the sum of the volumes is 2866 + 1000 == 3866 ml. 
The percentage of H2SO4 by volume on this basis would be 1000/3866 
-= 25.9 per cent, which is not the correct result. Table 14 shows the 
contraction to be 51 X 4.706 = 240 ml. The true volume of the 
mixture is, therefore, 3866 — 240 *= 3626 ml, and the true percent- 
age of acid by volume is 1000/3626 = 27.6 per cent, as shown in 
Table 21. 

Resistivity 

The resistance to the passage of an electric current through the 
electrolyte varies with the concentration and the temperature. The 
resistivity is a property of the substance itself. It is the resistance of 
a specimen 1 centimeter in length and 1 square centimeter in cross 
section. The relation R = p{l/s)j where R is the resistance, p the 
resistivity, I the length, and s the cross section, indicates the unit for 
measuring the resistivity. This may be written p = R{s/l). Since 
the area s has the dimensions of length squared, the dimensional for- 
mula for resistivity is the product of a resistance and a length. The 
unit of resistivity is, therefore, the ‘‘ohm-centimeter.” It is some- 
times spoken of as “ohms per centimeter cube.” 

The electrolytes used in storage batteries are within the range of 
lowest resistivities of sulfuric acid solutions. It has been known for 
many years that solutions of about 30 per cent (1.223 sp. gr. at 15° C) 
sulfuric acid have minimum resistivity, but only recently has it become 
known that the proportions of acid and water must be varied slightly to 
obtain minimum resistivity at other temperatures. Thus, at +30° C 
the solution of least resistance contains 31.5 per cent of the acid, but 
at —25° C the solution should contain 26.5 per cent. The resistivity 
of sulfuric acid solutions increases rapidly as the temperature is 
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decreased, particularly when the temperature is below 0° C (32° F). 
Determinations 1 of the resistivity are given in Table 15. 


Tablk 15. Resistivity of Sulfuric Acid Solutions 


Temperature Resistivity in Ohm-Cm For Minimum 

Resistivity 



°F 

15% 

25% 

35% 

45% 

Per Cent Ohm-Cm 

30 

86 

1 . 596 

1.180 

1.140 

1.312 

31.5 

1.129 

25 

77 

1.689 

1.261 

1.231 

1.422 

31.1 

1.213 1 

20 

68 

1 800 

1.357 

1.334 

1.549 

30.6 

1.310 1 

10 

50 

2 090 

1.606 

1 602 

1.885 

29.8 

1.562 \ 

0 

•32 

2 51 

1.961 

1.998 

2.371 

28.8 

1.928 \ 

-10 

14 


2.50 

2.60 

3.10 

27.9 

2.48 \ 

-20 

-4 


3.35 

3.57 

4.31 

26.9 

3.34 

-30 

-22 



5.29 

6.35 



-40 

-40 



8.39 

9.89 




The resistivity of the electrolyte is one of the most important factors 
in determining the resistance of a storage cell. Unless the internal 
resistance of the cell is small, a considerable portion of the useful 
energy of the cell is expended within the cell itself. 

Freezing Points 

The freezing point of the electrolyte varies with its concentration. 
It is, therefore, often said to vary with the state of charge of the 
battery. The importance of knowing the freezing points has increased 
because of the use of storage batteries on automobiles and airplanes, 
which are often subjected to low temperatures in cold climates and at 
high altitudes. The freezing points of sulfuric acid solutions were 
carefully determined many years ago by Pickering. 2 On page 338 of 
his paper, the whole freezing-point curve from dilute to concentrated 
solutions is given. There are several maximums and minirnums in the 
curve, owing to the hydrates of sulfur trioxide that are formed at the 
different concentrations. 

In Table 16 the freezing points of solutions corresponding to the 
specific gravities of the first column are given. These values are in 
accord with the values adopted as standard by the Manufacturing 
Chemists’ Association in this country. The specific gravities are for 

1 G. W. Vinal and D. N. Craig, Resistivity of sulfuric acid solutions and its rela- 
tion to viscosity and temperature, J. Research Natl. Bur. Standards, 13, 689 
(1934). 

2 S. U. Pickering, The nature of solutions as elucidated by the freezing points 
of sulfuric acid solutions, J. Chem. Soc., 67, 331 (1890). The complete freezing- 
point curve is on page 338, and the tables are on page 363 and the following. 
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Table 

Specific 
Gravity 
at 15° C 

16. Freezing Points of Solutions of 

Freezing Points Specific 

u.. 

Pure Sulfuric Acid 

Freezing Points 

Centigrade 

Fahrenheit 

vjriavitv 

atl5°C 

Centigrade 

Fahrenheit 

1.000 

0 

+32 

1.450 

-29 

-20 

1.050 

- 3.3 

+26 

1.500 

-29 

-20 

1.100 

- 7.7 

+18 

1.550 

-38 

-36 

1.150 

-15 

+ 5 

1 600 

♦ 

♦ 

1.200 

-27 

-17 

1.650 

♦ 

♦ 

1.250 

-52 

-61 

1.700 

-14 

-h 6 

1 300 

-70 

-95 

1.750 

+ ^ 

-f40 

1 350 

-49 

-56 

1.800 

+ 6 

-1-42 

1 400 

^36 

-33 

1 835 

-34 

-29 


* Freezing points indeterminate. 


the solutions at 15^ C and not at the freezing point. Jor certain con- 
centrations, a considerable error may be made in estimating the freez- 
ing point if allowance is not made for the change in sjiecific gravity at 
the low tenii)eratiircs. The temperature co(‘fficient of specific gravity 
for both the Centigrade and Fahrenheit scales, lor all concentrations 
of electrolyte, is given in Table 21. 

The freezing points of solutions of pure sulluric acid are not exactly 
tlic same as the freezing points of electrolyte of the same specific 
gravity taken from storage batteries. The dilTerenee is small. Foi 
electrolytes of less than 1.290 sp. gr. the freezing points are slightly 
higher, and for greater specific gravities the freezing points are lower, 
than for solutions of pure acid. Figure 46 shows the Ireezing-point 
curves of both the pure acid solutions and the battery electrolyte. 

In Fig. 46 there is also shown a series of curves in which the specific 
gravities of solutions are plotted at every 10 degrees between 0° and 
60° C and extrapolated below 0° until they intersect the freezing-point 
curve. These curves were chosen so that specific gravities of 1.200, 
1.225, 1.250, etc., fall on the 25° line. By means of this diagram, the 
freezing point of any electrolyte may be estimated with reasonable 
accuracy if the specific gravity and temperature are known. For 
example: The electrolyte in a battery at — 20° C (-4° F) is found to 
be 1.256 sp. gr. This point is located on the diagram, and the nearest 
oblique line is followed to its intersection with the freezing-point curve 
of the electrolyte, for which the ordinate is —38° C (—36° F). The 
temperature can, therefore, fall 18° C (32° F) before the electrolyte 
will begin to freeze. 

The lowest freezing point is for solutions having a specific gravity 
of 1.290. When solutions of lower specific gravity than this freeze, 
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crystals of ordinary ice separate from the solution; for higher specific 
gravities the crystals are the tetrahydrate of the acid. Since the 
lowest freezing points are for concentrations of acid corresponding to 
the electrolyte of automobile batteries when fully charged, it is ap- 
parent that there is no danger of such a battery freezing even under 



Fig. 46. Freezing-point curve for electrolyte and solutions of sulfuric acid. 


the most severe conditions. If the battery is discharged, however, it 
will freeze at approximately — 10° C ( -f 14° F) or even higher. Elec- 
trolyte, or acid for preparing it, should be of the proper specific gravity 
when it is stored under severe conditions. Electrolyte of from 1.225 
to 1.400 sp. gr. will not freeze under ordinary conditions, but nearly 
concentrated acid of 1.800 sp. gr. freezes at +5° C ( + 41° F). For 
concentrated acid the freezing point is much lower. At 1.835 it is 
-34° C (-29° F). 

Vapor Pressure 

Sulfuric acid is a powerful drying agent. Concentrated acid readily 
absorbs water vapor from the air in such quantities that a carboy left 
unstoppered will soon overflow if nearly filled with acid. Solutions 
of sulfuric acid have a definite vapor pressure that varies with the 



113 


The Electrolyte 

concentration and the temperature. The values of the vapor pressure 
are of theoretical interest in connection with storage batteries for the 
same reason as applied to the heat of dilution. 

The electrolyte is often said to ^'evaporate”; most of the water 
lost from the cells, however, passes off as oxygen and hydrogen during 
charging. The electrolyte will absorb or give off water vapor accord- 
ing to the relative magnitude of its vapor pressure as compared with 
that of the surrounding air. If the vapor pressure of the electrolyte 
exceeds that of the water vapor in the air, evaporation will take place; 
if it is less, moisture will be absorbed. The simplest method of deter- 
mining the pressure of water vapor in the air is by some form of dew- 
point apparatus, or a wet-and-dry bulb hygrometer. The tempera- 
tures obtained in such a measurement are referred to suitable tables*^ 
in which the corresponding vapor pressures, expressed in millimeters of 
mercury, arc given. For example: On a humid and hot summer day, 
temperature 95° F (35° C) and relative humidity of 87 per cent, the 
vapor pressure would be 36.7 millimeters; on an average day, tempera- 
ture 66° F (19° C) and relative humidity of 57 per cent, the vapor 
pressure would be 9.2 millimeters. These values should be compared 
with the vapor pressures for solutions of sulfuric acid given in Table 17 

Table 17. Vapor Pressure of Solutions of Sulfuric Ac id 
(The vapor pressures are expressed in millimeters of mercury.) 


Specific 


Gravity 

Percentage 

At0° C, 

At 15° C, 

At 25° C, 

At 35° C, 

atl5°C 

of H2SO4 

mm 

mm 

mm 

mm 

1.000 

0.0 

4.6 

12 8 

23.8 

42 2 

1.100 

14.3 

4.2 

12 0 

21.8 

39 0 

1.200 

27.2 

3.6 

10.2 

18.7 

33.8 

1.300 

39.1 

2.6 

7.5 

13.8 

25.0 

1.400 

50.0 

1.6 

4.5 

8.5 

15.4 

1.500 

59.7 

0.8 

2.0 

4.1 

7.3 

1.600 

68.6 

0.2 

0.6 

1.3 

2. .6 

1 700 

77.1 


0.2 

0.4 

0.8 


to determine whether evaporation or absorption of moisture will take 
place. Such a comparison shows that the electrolyte of specific gravity 
1.300 will absorb water in the first case and evaporate in the second. 

Under ordinary conditions, the vapor pressure of the electrolyte is 
not very different from that of the water vapor in the air. Stationary 
batteries, which have electrolyte of low specific gravity and open-top 


^ Smithsonian Tables, 8th ed. revised, p. 236, is a convenient table for use with 
a ventilated hygrometer. 
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cells, will lose water appreciably by evaporation. Automobile bat- 
teries, on the other hand, with a higher specific gravity of electrolyte 
and closed tops, except for a small vent, will lose very little water by 
evaporation in the strict sense of the word. 

Because of the ability of sulfuric acid to absorb moisture, it is 
evident that, if spilled, it will remain for long periods of time, or in 
other words it will not ‘'dry up.” This makes it difficult to protect 
painted surfaces, or other surfaces that are not acid-proof, against 
corrosion. It is necessary to wash off, or better still to neutralize ano 
wash off, any electrolyte that may be spilled or become deposited a^ 
a result of gassing upon any surface that is liable to injury. 

Electrochemical Equivalent 

According to Faraday’s law the transformations taking place at the 
plates of a storage cell are in the proportion of 1 gram equivalent of 
the substance for the passage of 96,500 coulombs of electricity^ through 
the cell. This quantity of electricity is sometimes referred to as the 
electrochemical constant, and it has been named the faraday. 

The equation for the reaction within the cell is: 

Pb02 + Pb + 2 H 2 SO 4 2PbS04 + 2 H 2 O 

It is apparent that, for each gram equivalent of material transformed 
at the positive and negative plates, 2 gram equivalents of acid arc 
decomposed and 2 gram equivalents of water are formed during the 
process of discharge. 

Since the gram-molecular weight of sulfuric acid is 98.076 grams 
and the valence 2, the gram-equivalent weight is 49.038 grams. One 
ampere-hour may be defined as 1 ampere flowing continuously for 
3600 seconds and is equal, therefore, to 3600 coulombs. The number 
of ampere-hours in a faraday is readily computed to be 26.80. From 
these data the number of grams of acid decomposed by the discharge 
of 1 ampere-hour is: 

^ 49.038 

2 X = 3.660 g acid decomposed 

Similarly, the number of grams of water formed per ampere-hour of 
discharge may be calculated. The molecular weight of water is 18.016 

4 The revised value, as of July 1, 1951, recommended for the faraday constant 
by a subcommittee on Fundamental Constants of the Committee on Physical 
Chemistry of the National Research Council is 96,493.1 absolute coulombs per 
gram equivalent. The difference between this and the old value is immaterial 
for the present discussion. 
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and its equivalent weight 9.008, whence 


2X 


9.008 

26.80 


0.672 g water formed 


In estimating the quantity of acid taking part in any reaction, it is 
necessary to draw a sharp distinction between the total quantity of 
acid reacting and the changes in weight taking place in the electrolyte 
as represented by the change in specific gravity. The reason for this 
is made apparent by the equation for the reaction given above. Since 
the decomposition of 2 equivalents of acid is accompanied by the for- 
mation of 2 ^equivalents of water, the net change for the passage of 1 
faraday of electiicity during discharge is a loss in weight corresponding 
to the sulfur trioxide, which may be expressed in grams as follows: 


- 98.070 + 18.010 = - 80.060 k 

H2S()4 1120 rtOo 

The minus sign signifies the loss in weight which is manifested in the 
operation of the cell by the decrease in specific gravity of the electro- 
lyte when discharge takes jilace. The change in sulfur trioxide content 
per ampere-hour is 


2X 


40.030 

26.80 


2.987 g 


When either charge or discharge takes place, there is a change in 
volume of the electrolyte as well as a change in the weight. An ex- 
ample completely solved will serve to make the proci'ss clear: 


Example. A large stationary cell has a capacity of 4000 ampere-hours at 
the 8-hour rate of discharge. It contains 618 pounds of electrolyte of specific 
gravity 1.210 at 25° C when fully charged. Compute the changes in weight 
and volume and specific gravity of the electrolyte when 4000 ampere-hours 
are discharged. 

In solving this example, it is convenient to convert the weight of electrolyte 
to the metric system, as this simplifies the later calculations. 618 pounds — 

280.3 kilograms. Table 21 shows that this electrolyte contains 28.9 per cent 
by weight of H 2 S() 4 . The amounts of acid and water initially present are, 
therefore, 

280.3 X 0.289 = 81.0 kg of acid 

280.3 — 81.0 = 199.3 kg of water 

When 4000 ampere-hours are discharged, the amount of acid consumed is 
3.660 X 4000 = 14,640 g or 14.64 kg 

The amount of water formed at the same time is 

0.672 X 4000 = 2688 g or 2.69 kg 
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Comparing the composition of the electrolyte at the beginning and at the 
end, we have 

At the beginning At the end 
Sulfuric acid 81.0 kg 66.36 kg 

Water 199.3 kg 201.99 kg 

Total 280.3 kg 268.35 kg 


The net loss in weight of the electrolyte is therefore 11.95 kilograms. This 
corresponds to the sulfur trioxide removed, as may readily be seen by multif 
plying the grams of SO 3 equivalent to the passage of 1 ampere-hour as given 
above by the number of ampere-hours. \ 

2.987 X 4000 = 11,950 g or 11.95 kg \ 

The next step is to compute the specific gravity of the electrolyte at the end ^ 
of the discharge. 


66.36 

268.35 


24.7 per cent of acid in electrolyte at end 


Assuming the temperature to be 25°, this corresponds to a specific gravity 
1.176 according to Table 21. 

The cluinge in the volume of the electrolyte which accompanies the discharge 
of this cell is computed from the initial and final weights and specific gravities. 

Initial volume = ~ 231.7 liters 

1.210 sp. gr. 

7v 1 , 268.35 kg 

h inal volume = tvti;; = 228.2 liters 

1 .176 sp. gr. 

The decrease in volume is, therefore, 3.5 liters or about 0.88 ml per ampere- 
hour. 

A table of the amiiere-hour equivalents contained in unit volume of 
solution, for the various concentrations, affords the most convenient 
means of calculating the changes taking place in the operation of 
storage cells. This method is more direct than the use of formulas and 
diagrams which have been previously proposed for this purpose. In 
Table 18 are given the theoretical ampere-hours on the assumption 
that all of the acid could be utilized. This is an inipracticable condi- 
tion, since only part of the acid can be used, but the use of the table 
will appear from several examples. It is necessary to allow for the 
changes in volume of the solution which occur during charging and 
discharging. This is easy to do, because the increase in volume of 
the solution during charge and the decrease during discharge is prac- 
tically 1 ml per ampere-hour. This quantity varies slightly with the 
concentration of the electrolyte. It is a little more than 1 ml per 
ampere-hour for acid of 1.300 sp. gr., and about 0.85 for acid of 1.200 
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Table 18. Electrochemical Equivalent of Solutions of 
Sulfuric Acid 

(Theoretical values per liter calculated for solutions at 25° C, assuming 
complete utilization of the acid in accordance with the reaction of a storage 
battery.) 


Specific 

Ampere-Hours 

Specific 

Ampere-Hours 

Gravity 

per Liter 

Gravity 

per Liter 

1.040 

17 

1.220 

100 

1.060 

26 

1.240 

no 

1.080 

35 

1 260 

120 

1 100 

44 

1 280 

130 

1.120 

53 

1 300 

141 

1.140 

62 

1 320 

151 

1.160 

71 

1 340 

162 

1.180 

81 

1.360 

173 

1 200 

90 




sp. gr. For most purposes, however, it is sufficient to assume that it 
is exactly 1 ml jier ampere-hour. 

Examples. 1. A large stationary cell has a capacity of 4000 ampere-hours 
at the 8-hour rate of discharge. It contains 618 pounds of electrolyte, 
specific gravity 1.210 at 25° C when fully charged. Find the coefficient of 
utilization of the acid at this rate of discharge. 

618 pounds = 280.3 kilograms which, divided by the specific gravity, 
1.210, =231.6 liters. From the table, 1 liter = 95 ampere-hours. 
231.6 X 95 = 22,000, the total number of ampere-hours. 4000/22,000 
= 18.2 per cent, the coefficient of utilization. 

2. A cell of the vehicle type, containing 6.75 pounds of electrolyte, 1.280 
sp. gr. at 25° C, has a capacity of 220 ampere-hours at the 5-hour rate. What 
is the coefficient of utilization of the acid? Answer ^ 71 per cent. 

3. A storage cell of a tractor battery gave 45 amperes for 5 hours and 42 
minutes. The initial specific gravity at 25° C was 1.269, and the final specific 
gravity, corrected to 25° after allowing sufficient time for diffusion, was 1.099. 
How many liters of electrolyte were in the cell? 

The total ampere-hours discharged were 45 X 5.7 = 256.5. Letting x 
represent the number of liters initially present, the number of liters after 
the discharge was (x — 0.256). The ampere-hour equivalent of the 
electrolyte is, by Table 18, 

Initial 124.5x, 

Final 43.5(x - 0.256). 

Whence 

124.5X - 43.5 (x - 0.256) = 256.5. 

X = 3.02 liters. Answer, 

4. A locomotive cell which gives 90 amperes for 5 hours contains 15 pounds 
of electrolyte of specific gravity 1.280 at 25° C. What will be the final specific 
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gravity after a 5-hour discharge, corrected to 25° after allowing sufficient 
time for diffusion to take place? 

15 pounds = 6.80 kilograms of electrolyte, and this divided by the 
specific gravity, 1.280, = 5.31 liters. 

The total ampere-hour equivalent is 5.31 X 130 = 690 
The ampere-hours tlelivered are 5 X 90 = 450 
Subtracting, the ampere-hours remaining are 240 

During the discharge the volume of the electrolyte has decreased by 
450 ml, so that the final volume of electrolyte is 5.31 — 0.45 = 4.86 liters^ 

240/4.86 = 49.4 ampere-hours equivalent per liter ! 

The table shows this to correspond to 1.112 sp. gr. Answer, \ 

6. A cell from a small starting and lighting battery, containing 580 ml of \ 
electrolyte, is rated to give 40 ampere-hours at the 5-hour rate. It is required ' 
that the specific gravity at the end of a full discharge shall not fall below 
1.140 at 25° C. What must the specific gravity be at the beginning of the 
discharge? 

Since the initial volume is 580 ml, the final volume after discharging 
40 ampere-hours will be 540 ml. The amjierc-hour equivalent of the 
electrolyte at the end of this discharge will be 

0.540 X 62 = 33.5 

The ampere-hours initially present w^ere 

33.5 + 40 = 73.5 

The aiiii)ere-hour cijuivalent per liter initially present was, therefore, 
73.5/0.5S0 = 127 

The table shows that this acid was specific gravity 1.274. Answer, 

6. The elecjtrolyte of a cell of a stationary battery of 280 ampere-hours’ 
cajiacity has a specific gravity of 1.200 at 25° C at the conclusion of the charg- 
ing period. The normal value of the specific gravity in this cell is 1.210. 
The amount of electrolyte is 40 pounds. How much lead sulfate remains on 
the plates? 

40 pounds of electrolyte = 18.1 kilograms which divided by the specific 
gravity when fully charged 1.210 = 15.0 liters as the volume initially 
present. The ampere-hour equivalent for the 1.210 -acid is 

15.0 X 95 = 1425 

As a first approximation, it is necessary to assume the volume of elec- 
trolyte at 1.200 sp. gr. to be the same. The ampere-hour equivalent of 
this is 

15.0 X 90 = 1350 

The difference is therefore 75 ampere-hours, and the volume of elec- 
trolyte at 1.200 is corrected to 

15.0 - 0.075 = 14.9 
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for which the equivalent is 

14.9 X 90 = 1341 

Since 1 ampere-hour decomposes 3.66 grams of acid, the deficit of acid is 
(1425 - 1341) X 3.66 = 308 g 

H 2 SO 4 98 30S 

~PbS()4 ” 303 “ 951 

Whence there are 951 grams of lead sulfate on the plates. An}<vrr. 

7. An aviation battery is rated to give 28 ampere-hours at the 5-hour rate. 
Hy actual test it was found to give only 24 am])ere-hours. The battery con- 
tained 210 ml of electrolyte of specific gravity 1.280 at 25° C. Is this a 
sufficient amount? 

0.210 X 130 = 27.3 ampcre-houre; that is, the battery could not give 
its rated capacity even if the electrolyte could be reduced to water. 

Viscosity 

A knowledge of the viscosity of sulfuric acid solutions is iiiq)ortant, 
because the rate of diffusion of the acid througli the i)ores of the plate 
is dependent u])on it. In this respect the viscosity exerts a powerful 
influence upon the capacity, but it is seldom referred to in this connec- 
tion. In Table 19 the absolute viscosities expressc'd in centipoises 


Taule 19, Vis( osiTY OK SuLi'URie Acid Solutions 


Temperature 


Viscosity in Centipoises 



oy 

10 % 

20 % 

■i0% 

40% 

50% 

30 

86 

0.976 

1.225 

1.596 

2 163 

3 07 

25 

77 

1.091 

1 371 

1 784 

2 409 

3.40 

20 

68 

1.228 

1.545 

2 006 

2 70 

3.79 

10 

50 

1 595 

2 010 

2 600 

3 48 

4.86 

0 

32 

2 160 

2.710 

3.520 

4 70 

6 52 

-10 

14 


3 820 

4 9.50 

6.60 

9.15 

-20 

- 4 



7 490 

9 89 

13 60 

-30 

-22 



12 200 

16.00 

21.70 

-40 

-40 




28.80 


-50 

-58 




59.50 


arc given. 

They have 

been computed for convenient percentages 


sulfuric acid from measurements by Vinal and Craig.® The usual 
range of battery electrolytes lies between 20 and 40 per cent. The 
viscosity doubles between 25 and 0° C. Below zero the viscosity in- 

5 G. W. Vinal and D. N. Craig, The viscosity of sulfuric acid solutions used for 
battery electrolytes, Bur. Standards J. Research, 10, 781 (1933). 
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creases more rapidly, and it is at once apparent why the capacity of 
storage cells falls off so rapidly at low temperatures. 

The relation of the viscosity to the rate of diffusion is discussed in 
Chapter 5. 


MEASUREMENT OF SULFURIC ACID SOLUTIONS 

Careful operation of storage batteries requires that the electrolyte 
contain the proper amount of sulfuric acid and water. Convenient 
and accurate means arc necessary for measuring the concentration o^ 
these solutions. The method most generally used is to measure thei 
specific gravity, or the density of the solution, at some definite tem-\ 
perature. Other methods include the use of arbitrary scales, such as\ 
the Baume or the Twaddell scales. The concentration may also be \ 
expressed as the percentage, by weight or volume, of the sulfuric acid 
in the solution. This is convenient in preparing solutions of a definite 
strength. Chemical computations are often facilitated when based on 
the number of gram equivalents per liter. For storage or shipping 
purposes, the concentration as it affects the weight and bulk of the 
packages is important. This requires the jiounds per cubic foot or 
the kilograms per liter. 

Table 21 gives the comparative values of the concentration ex- 
pressed by these different methods of measurement. 


Meaning of Specific Gravity and Density 


The term density is used to represent mass per unit volume and is 
usually expressed as grams per milliliter where liquids are concerned. 
Specific gravity is used to express the relative masses of equal volumes 
of the liquid and the water, each being at a specified temperature. 

The specific gravity of sulfuric acid solutions used for the electrolyte 
varies appreaciably with the temperature. It is, therefore, customary 


lo V./ 

to state the specific gravity thus: specific gravity — q -- or .specific 
250 Q 15 L 

gravity -- • The temperature above the line is -the temperature of 

25 L 


the solution, and the temperature below the line is the temperature of 
the water taken as the standard. A specific gravity referred to water 
at its maximum density (4° C) is identical with the density of the 
solution. For a solution at 25° C this would be written specific gravity 

25° C , . 25° C 

^.ordens,ty — . 

The difference between the specific gravities, as measured on the 
various scales in common use, is at most about 4 units in the third 
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decimal place. For commercial work in storage batteries, this small 
difference can generally be ignored. Many of the small and cheap 
hydrometers used for testing automobile batteries do not indicate the 
basis of their scale. But research and laboratory work require a more 
exact knowledge. In Table 20, conversion factors to the fourth decimal 

Table 20. Conversion of Specific Gravities* 

(The table contains factors which are to be used to multiply the observed 
reading of specific gravity or density to obtain the difference between two 
scales of measurement. This difference is to be added to or subtracted from 
the observed reading, according to the plus and minus signs, to obtain the 
reading converted to the desired basis of measure.) 

('On verted to 

Converted Density Density Density Sp. Gr. Sp. Gr. Sp. Gr. Sp. Gr. 
from 25° C 20° C 16° C 15° C 60° F 20° C 25° C 

4° C 4° C 4° C 15° C 60° F 20° C 25° C 

26° C 

Density-^ 0 +0.0001 +0.00021+0 0011 +0.0012j +0.0019 +0.0029 

20° C 

Density -0.0001 0 +0 0001 +0.0010 +0.0011 +0.0018|+0. 0028 

15° C 

Density -0.0002 - 0.0001 0 +0 0009 +0.0010| +0.0017 +0.0027 

15° C 

Sp. Gr. -0 0011 -0.0010 - 0 0009 0 +0.0001 +0.0008| +0.0018 

It) 

-0.0012 - 0 0011 -0 0010 - 0 0001 0 +0.0007 +0.0017 

DU J* 

20° C 

Sp. Gr. -0 0019 - 0 0018 - 0 0017 0.00081-0.0007 0 +0.0010 

Z\j c 

25° C 

Sp. Gr. -0.0029 0 0028 - 0 00271-0. 0018|-0 0017|-0. 0010 0 

Zo C 


* Based on data contained in Natl. Bur. Standards, Circ. 19. 

place are given for the scales in most frequent use. The method of 
using this table may be seen from the following example: A hydrom- 
20° C 

eter reading density — — is used to measure a solution of which the 
25° C 

specific gravity - - -- is desired. If the density reading is 1.280, what 
25 C/ 

is the specific gravity? 

25° C 20° C / 20° C\ 

Specific gravity = density + (factor X density J 

= 1.280 + (0.0028 X 1.280) = 1.284 
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Specific gravities of storage-battery electrolytes are usually expressed 
to the third decimal place, one unit in the last place being called a 
^'point/^ Thus solutions of 1.285 and 1.270 sp. gr. are said to differ by 
15 points. Colloquial expressions, such as “twelve-eighty acid’^ or 
“thirteen hundred acid,” refer to solutions of 1.280 and 1.300 sp. gr. 

The specific gravity of the electrolyte decreases with increasing 
temperature. The temperature coefficient is not a constant quantity 
but varies with the sp(icific gravity. Tn Table 21 the values of this 
(H)efficient per degree Centigrade and per degree Fahrenheit are giveii 
for each value of the specific gravity. The coefficient applies strictly to 
specific gravities referred to water at 15° C, but for practical purposes il\ 
may be used for the 25° basis also. This coefficient does not, however, \ 


15° 25° 

convert specific gravities at — to the ^ basis. The familiar rule that \ 


there is a change of 1 point for each 3° F difference from the standard 
temperature is correct only for solutions of 1.150 sp. gr. For greater 
concentrations the corn'ction is larger. At 1.280 sp. gr. it is 2 points for 
5° F, or 3 points for 4° C'. When the temperature of the solution is 
above the standard temperature, the correction is to be added to, and 
when ))(4()w su})tracted from, the obs(»rved specific' gravity to adjust this 
to the eorrec'.t reading at the standard temperature. 

Specific gravities for storage-battery purposes are most convtmiently 
measured by means of hydrometers. These are of several varieties, but 
all consist of a float of some kind. For stationary batteries, the hydrom- 
eter is immersed in the liquid of the cell itself, and some have a recording 
attachment. Hydrometers for use with portable batteries are usually 
of the syringe type (Fig. 47), which permits drawing a portion of the 
electrolyte from the cell into a tube of glass in which the hydrometer is 
confined. After the reading is completed the solution is replac^ed in the 
cell from which it was drawn. 

A well-designed hydrometer should be made of smooth, transparent 
glass, circular in cross section along the axis, with fixed ballast, and a 
scale on ledger paper with graduation that is correct to within one-half 
of the smallest division.^ It is desirable that the basis of the hydrom- 

15° C 60° F 

eter’s scale be indicated, as, for example, hydrom- 

15 Cy 60 Jb 


eters that will float between the plates and the jar of stationary cells are 
also used. The hydrometer should float vertically. In making read- 
ings the eye should be level with the surface of the liquid, disregarding 
the curvature due to the surface tension, as shown in Fig. 48. 

Cells in glass or other transparent jars are often provided with 


® Natl. Bur. Standards, Circ, 16, 5. 
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Specific 

Grav- 

ity, 

15" C 

Specific 

Grav- 

ity, 

25° C 

Temperature 
Coefficient of 
Sp. Gr. 15° C 

Per 

Cent 

II 2 SO 4 

by 

Per 
Cent . 
H2S()4 

Baumc ' 
De- 
grees 

Twaddell 

De- 

grees 

Pounds 

per 

Cubic 

Kilo- 

grams 

per 



Vol- 

ume 

F oot 

Liter 

15° C 

25" C 

Per ° C 

Per ° F 

Weight 



1 000 

1 000 



0.0 

0.0 

0 0 

0 

02 4 


1 010 

1 009 

(.00018) 

(.00010) 

1 4 

0 8 

1 4 

2 

03.0 


1.020 

1.019 

(22) 

(12) 

2 9 

1 0 

2 8 

4 

03 . 0 


1 030 

1.029 

(26) 

(14) 

4 4 

2 5 

4 2 

(i 

64.2 


1 040 

1.039 

(29) 

(16) 

5.9 

3 3 

5.0 

8 

64.8 

a> 

ai 

1 050 

1 049 

(33) 

(18) 

7.3 

4.2 

0 9 

10 

05.5 

g 

V. 

0 

1 000 

1 058 

30 

20 

8 7 

5 0 

8 2 

12 

00.1 

D, 

1.070 

1 008 

40 

22 

10 1 

5.9 

9 5 

14 

00.7 

Ch 

C3 

1 .OSO 

1 078 

43 

24 

11 5 

0 7 

10 7 

10 

07.4 

-C 

hC 

l.OilO 

1 088 

40 

20 

12.9 

7 0 

12.0 

18 

08.0 

a> 

1.100 

1 097 

48 

27 

14 3 

8 5 

13 2 

20 

08 0 


1.110 

1.107 

51 

28 

15 7 

9 5 

14 4 

22 

69.2 

bC 

1 . 120 

1.117 

53 

29 

17 0 

10.3 

15 5 

21 

00 8 

d 

1 130 

1 . 127 

55 

31 

18 3 

11 2 

10.7 

20 

70 5 

CO 

8 

cc 

1 140 

1.137 

58 

32 

19 0 

12 1 

17 8 

28 

71.1 

1 150 

1 . 14(» 

00 

33 

20 9 

13 0 

18.9 

30 

71 7 

*0 

1.100 

1 150 

02 

34 

22 1 

13 9 

20 0 

32 

72 4 

0 

1.170 

1 . 100 

03 

35 

23 4 

11.9 

21.1 

31 

73 0 


1 .180 

1 . 170 

05 

3() 

24 7 

15 8 

22.1 

30 

73.0 

CO 

1 . 190 

1.180 

GO 

37 

25 9 

16.7 

23.2 

38 

74.2 

c3 

1 200 

1 190 

68 

38 

27 2 

17.7 

24 2 

40 

74 8 

"d 

C3 

1 210 

1.200 

09 

38 

28.4 

18.7 

25.2 

42 

75 4 


1.220 

1 210 

70 

39 

29.6 

19.6 

20 1 

44 

70.1 

zj 0 

1.230 

1 .225 

71 

39 

30.8 

20.0 

27.1 

40 

70.7 

'C 

0) 

1.240 

1.235 

72 

40 

32 0 

21.0 

28 1 

48 

77.3 

S 

§ > 

M c!j ,* 

1 250 

1.245 

72 

40 

33.2 

22.6 

29.0 

50 

78 0 

3 bc.2 

1 200 

1.255 

73 

40 

34.4 

23.6 

29.9 

52 

78 6 


1 270 

1.205 

73 

41 

35.6 

24 6 

30.8 

54 

79.2 1 

« a 
"IS S* ^>0 

1 280 

1.275 

74 

41 

36.8 

25.6 

31.7 

56 

79.8 

a S 0 

1.290 

1.285 

74 

41 

38.0 

26.6 

32.0 

58 

80.4 

1^1 

1 300 

1.295 

75 

42 

39.1 

27.6 

33.5 

60 

81.0 

0 , 

a 

1 310 

1.305 

75 

42 

40.3 

28.7 

34.3 

02 

81.7 

< 

1 320 

1.315 

76 

42 

41.4 

29.7 

35.2 

04 

82.3 


1 330 

1.325 

76 

42 

42.5 

30.7 

30.0 

66 

82.9 


1 340 

1.335 

76 

42 

43.6 

31.8 

36 8 

68 

83 6 
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Table 21. Measurement of Sulfuric Acid Solutions {Continued) 

Specific Specific Temperature Per ^ i j ir-i 

Gray- Gray- Coefficient of Cent Baumc Twaddell^ 


1 400 1.395 

1 410 1.405 

1.420 1.415 

1 430 1.425 

1 440 1.435 

1 150 1.445 

1 4()0 1.455 

1.470 1.465 

1.480 1.475 

1 490 1.485 


1 540 1.535 

1 550 1.545 
1 560 1.554 
1.570 1.564 
1.580 1.574 
1.590 1.584 

1.600 1.594 
1.610 1.604 
1 620 1.614 
1.630 1.624 
1.640 1.634 

1.650 1.644 
1.660 1.654 
1.670 1.664 
1.680 1.674 
1.690 1.684 


e Temperature 
Coefficient of 
Sp. Gr. 15" C 

Per 

Cent 

II 2 SO 4 

Per " C 

Per°F 

•jy 

Weight 

.00077 

.00043 

44.7 

77 

43 

45.8 

78 

43 

46.9 

78 

43 

47.9 

79 

44 

49.0 

79 

44 

50 0 

80 

44 

51 0 

80 

45 

52 0 

81 

45 

a53.0 

81 

45 

54.0 

82 

46 

54.9 

83 

46 

55.9 

83 

46 

56.9 

84 

47 

57.8 

85 

47 

58.7 

85 

47 

59.7 

86 

48 

60.6 

87 

48 

61.5 

87 

48 

62.4 

88 

49 

63.3 

89 

49 

64.2 

89 

49 

65.1 

90 

50 

66.0 

91 

50 

66.8 

91 

51 

67.7 

92 

51 

68.6 

93 

51 

69.4 

93 

52 

70.3 

94 

52 

71.2 

95 

53 

72.0 

95 

53 

72.9 

96 

53 

73.7 

97 

54 

74.5 

98 

54 

75.4 

99 

55 

76.2 


Per 

Cent 

H 2 SO 4 

i>y 

Vol- 

ume 

Baumc 

De- 

grees 

Twaddell 

De- 

grees 

Pounds 

per 

Cubic 

Foot 

32 8 

37.6 

70 

84.2 

33 9 

38.4 

72 

84 8 

31 9 

39 2 

74 

85 4 

35.9 

39.9 

76 

86.1 

37.0 

40.7 

78 

86.7 

38.0 

41.4 

80 

87.3 

39.1 

42.2 1 

82 

88 0 

40.1 i 

42.9 

84 

88.6 

41.2 

43 6 

86 

89.2 

42 2 

44.3 

88 

89.8 

43.3 

45.0 

90 

90.4 

44.4 

45.7 

92 

91.0 

45.5 1 

46.4 

94 

91.7 

46.5 

47.0 

96 

92.3 

47.5 

47.7 

98 

93.0 

48.7 ' 

48 3 

100 

93.6 

49 7 

49.0 

102 

94.2 

50.8 

49.6 

104 

94.8 

51.9 

50.2 

106 

95.4 

53.0 

50.8 

108 

96.0 

54.1 

51.5 

no 

96.7 

55.2 

52.1 

112 

97.3 

56.3 

52.6 

114 

98.0 

57.4 

53.2 

116 

98.6 

58.5 

53.8 

118 

99.2 

59.7 

54.4 

120 

99.8 

60.8 

54.9 

122 

100.4 

61.9 

55.5 

124 

101.0 

63.1 

56.0 

126 

101.7 

64.2 

56.6 

128 

102.3 

65.4 

57.1 

130 

102.9 

66.5 

57.7 

132 

103.6 

67.6 

58.2 

134 

104.2 1 

68.8 

58.7 

136 

104.8 

70.0 

59.2 

138 

105.4 


0 ) . ^ 

^ § u 

•5 

>>5 0 . 

5 & » 

•Mi 

a 

a 
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Table 21. Measurement of Sulfuric Acid Solutions (Continued) 


Specific 

Specific 

Temperature 

Per 

Per 



Pounds 

Kilo- 

Grav- 

Grav- 

Coefficient of 

Cent 

Cent 

Baumc 

Twaddell 

ity, 

ity, 

Sp. Gr. 15° C 

H 2 SO 4 

II 2 SO 4 

De- 

De- 

grees 

])er 

grams 

15° C 

25° C 



by 

Weight 

by 

grees 

Cubic 

l)cr 

15° C 

25° C 

_ . 

Per ° C 

Per ° F 

Vol- 

ume 

Foot 

Liter 

1.700 

1 694 

.00100 

.00055 

77.1 

71.2 

59 7 

140 

106.0 

« feii . 

1 710 

1.704 

101 

56 

77.9 

72 4 

60.2 

142 

106.7 

s 

^ d 

1.720 

1.713 

102 

57 

78.8 

73.6 

()0 7 

144 

107 3 

a oa .Tm 

CO ^ ’ 

0 8 

1 730 

1.723 

103 

58 

79.7 

75.0 

61 .2 

146 

108 0 

1.740 

1.733 

105 

59 

80.6 

76.2 

61.7 

148 

108.6 

^ bC 

B 'S ^ 










s 8 

1.750 

1.743 

107 

60 

81.5 

77.6 

62.1 

150 

109.2 


1.760 

1.753 

109 

60 

82.4 

78 8 

62.6 

152 

109.8 

.0 3 

1.770 

1.763 

no 

61 

83.4 

80.2 

63 1 

154 

110.4 

c ^ 

1 .780 

1.773 

no 

61 

84 4 

81.7 

63 5 

156 

111 0 

^ c3 

c E 

1.790 

1.783 

111 

62 

85.6 

83 3 

64 0 

158 

111 7 











S, s 2 

w 0 - 

1.800 

1.793 

no 

61 

86.7 

84.8 

64.4 

160 

112.3 


1 810 

1 803 

109 

61 

88.1 

86 7 

64.9 

162 

112 9 

5 0 x: 
tS ^ bC 

1.820 

1.813 

108 

60 

89.8 

88.9 

65 3 

164 

113 5 


1.830 

1.823 

106 

59 

91.8 

91.4 

65 8 

166 

114.1 

--tt 

0 < = 

1.835 


105 

58 

93.2 

93.0 

66.0 

167 

114 5 

C 03 rz: 
§• UD ^ 

1.840 

1.834 

.00103 

.00057 

94 8 

94.8 


168 

114.8 

D. 


KXPLANATION OF THIC TABLE 


15° C , . , . 

Column 1. Specific gravities of solutions are given at 7777 ; > which is approxi- 
60° F ^ 


mately equal to 


60° F 


Hydrometers used for measuring sulfuric acid solutions 


are freauentlv standardized at 60° F. 

Column 2. Specific gravities of solutions corresponding to those given in Col- 
25° C /77° F\ 

umnlaregivenat — 7 

Columns 3 and 4 . Contain the temperature coefficients to calculate the specific 
gravity for any temperature t° from the specific gravities given for 15° C. Values 
are given for both Centigrade and Fahrenheit degrees. They have been calculated 
from Domke’s tables, IFiss. Abh. Normal Eichungs Kom.f 5, 75 (1904). Let the 
required specific gravity at t° be represented by St, the specific gravity of the 
solution at 15° by iSib, and the temperature coefficient by a, then 


St = iSiB + «(i5°- n 


The temperature coefficient for temperatures other than 15°, which may be taken 
as standard, varies slightly with the temperature. For solutions of the specific 
gravities most commonly used in storage batteries, the values given in the table 
may be assumed to be correct to within 3 per cent for a range of temperature from 
0 to 45° C. Values in parentheses were obtained by extrapolation. 
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Column 5. Ptir cent by weight of II 2 SO 4 solutions corresponding to those given 
in Column 1. These were computed from Domke’s tables, pp. 131-148. 

Column 6. Per cent by volume of H2SO4 solutions corresponding to those given 
in Column 1. These were computed from the formula: 


Per cent by volume = ^ X Per cent by weight 


V'alues of d, the specific gravity of solutions for given percentages of H 2S()4 by wcnght, 
were based on Domke’s tables, and the computations were checked by (;oinparison 
with Pickering’s contraction table, J. Chcm. Soc., -57, 148 (1890). 

Column 7. Baum6 degrees correspcinding to tlui sp(*cific gravities given in 
Ckilumn 1 calculated from the formula: 


Degrees Baum^ = HS- 


US 


60° F 


Sjiecific gravity 

Column 8. Twaddell degrc'cs calculated from the formula: 

/ . 60° F \ 

Degrees Twaddell = 200 (specific gravity — ~ — — 11 

Column 9. Pounds p(‘r cubic foot of solutions having the specific gravities given 
in Ckduinn 1. 

Column 10. The kilograms per liter are equal numerically to the specific gravity, 

15° C 

if it is assumed that the difference between the specific gravity tttt; J^nd the 
15° C 

density “777; is negligible. For example, the 


15° C 


4°C 


1 5 ° ( ’ 

Spe(‘ific gravity — — — for 38 per cent acid is 1 29027 


Density 


15° C 
15° C 


4°C 


; for 38 per cent acid is 1 28915 


Difference 0 00112 


The assumption is correct, therefore, to a unit in the third decimal plac(‘. 

built-in ‘^charge’^ indicators. These are floats which rise or fall with 
changing specific gravity of the electrolyte. A familiar type comprises 
several brightly colored balls of wax, which are adjusted to the desired 
specific gravities corresponding to the respective colors by incorporating 
with the wax the necessary amounts of a heavy insoluble substance such 
as barium sulfate. Precautions must be taken to prevent bubbles of 
gas from clinging to the surface of the balls if they are to operate 
satisfactorily. 


The Baume and Twaddell Scales 

The standard Baum<^ scale, for liquids heavier than water, as used in 
the United States, is related to the specific gravity by the following 
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equation: 


Degrees Baum6 = 145 — 


145 


Specific gravity 


60 ^ F 
00° F 


The number 145 is called the modulus. 



Confusion has resulted in the 
past from the variety of 
values assigned to it. 

The Bauine scale is 
now obsolete in this 
country for storage-bat- 
tery work, but it is 
frecpiently referred to in 
foreign books on the 
subject. The Twaddell 


Fig. 47. Use of the syringe hydrometer. 


-k> 


Fig. 48. Proper position 
of the eye for reading a 
hydrometer. 


scale, extensively used in England, is related to the specific gravity in 
a more definite way. One degree Twaddell is equal to five units in 
the third decimal place of the specific gravity, from which it is 
apparent that the relation may be expressed by the equation: 


. Degrees Twaddell = 


Specific gravity 


X 1000 
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The use of specific gravities is preferable, in storage-battery work, to 
any of the arbitrary scales. 

PREPARATION OF THE ELECTROLYTE 

The electrolyte for lead batteries is prepared by diluting pure sul- 
furic acid with pure water. The acid is ordinarily sold as the concen- 
trated acid of specific gravity 1.835 to 1.840 or partially diluted to 
1.400. The latter is more bulky, which is a disadvantage in shipment, 
but it possesses a marked advantage in being easier to prepare for use. 
(See p. 108.) When the concentrated acid is diluted, the solution 
becomes very hot. The acid should always be poured into the water, 
never the water into the acid, because of the danger to the person 
making the mixture. Although the amount of heat evolved in eithen 
case is the same, the specific heats of water and of concentrated acid^ 
are quite different, as was shown in Table 13. A stream of water 
flowing into the concentrated acid causes the liberation of a great 
amount of heat, which, because of the low sj)ecific heat of the acid, 
causes a large local rise in temperature. Acid flowing into water can- 
not cause so great a rise in temperature, because the specific heat of 
tlie water is high. The solution should be stirred continually while 
the acid is being poured into the water, to prevent the heavier acid 
from flowing to the bottom of the vessel without mixing with the water. 
Suitable vessels for use in mixing or storing small quantities of the 
electrolyte are of china, vitreous earthenware, or glass. These are 
subject to cracking, and lead-lined tanks are preferred, especially for 
larger quantities. No metallic vessel other than lead should be used. 

After the acid is diluted, it is necessary to wait until the mixture has 
cooled before it is poured into the battery, to avoid injury to the plates 
and separators. The cooling may be hastened by a jet of compressed 
air, but the air must be pure. 

The great rise in temperature which occurs when the acid and water 
are mixed may be avoided altogether by using ice made from distilled 
water, instead of water. This is because the latent heat of fusion of 
the ice is approximately equal to the heat liberated by the dilution of 
the sulfuric acid. The ice, if drained of surplus water, may be added 
directly to the acid. In an experiment, 220 grams of ice were added 
to 98 grams of concentrated acid at room temperature. The tempera- 
ture of the mixture was found to be —2° C after all the ice had melted. 
The specific gravity of this mixture at 25° C was 1.225. Since the 
latent heat of fusion of the ice is 79.63 gram calories, the total heat 
absorbed by the ice was 220 X 79.63 = 17,518 gram calories. The 
total heat liberated by the dilution of the acid was, by interpolation 
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of the values given in Table 13, 16,640 gram calories. The excess of 
heat absorbed indicates that the solution would be below 0^ C, as was 
observed. 

To facilitate the preparation of electrolytes of any required concen- 
tration, Fig. 49 shows the relative proportions of acid and water neces- 
sary. Manufacturers ordinarily furnish information as to the proper 
strength to be used in any particular battery. 



Specific Gravity 

Fig. 49. Preparation of electrolyte of any specific gravity from concentrated 
sulfuric acid of 1.835 sp. gr. 

It is often necessary to change the specific gravity of a solution of 
sulfuric acid by a given amount. The amount of water or acid that 
must be added to make the desired change can be calculated easily by 
using Table 21. For example: 290 pounds of electrolyte at 25° C are 
to be raised from 1.255 sp. gr. to 1.295 sp. gr. How much acid must 
be added? 

By the table, 1.295 would contain 39.1 per cent acid or 60.9 per cent water, 
and 1.255 contains 34.4 per cent acid or 65.6 per cent water. 

The excess of water is, by subtraction, 4.7 per cent; or 

290 X 4.7 per cent = 13.63 pounds 

The amount of acid to be added is 

100 X 13.63 __ . , 

«« « = 22.4 pounds 

60.9 ^ 

As another example, 340 pounds of electrolyte at 25° C of 1.325 sp. gr. 
are to be reduced to 1.285 sp. gr. How much water is to be added? 

By the table, 1.325 contains 42.5 per cent acid, and 1.285 would contain 38.0 
per cent acid. 
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The excess of acid is, by subtraction, 4.5 per cent; or 
340 X 4.5 per cent = 15.3 pounds 
The amount of water to be added is 


100 X 15.3 
38.0 


= 40.3 pounds 


CHOICE OF SPECIFIC GRAVITIES FOR BATTERY 
SERVICE 

It is a matter of common observation that the specific gravity of the 
electrolyte in portable batteries is usually higher than in stationary 
batteries, ])ut the choice does not depend entirely on space and weight' 
considerations. Chemical reactions, temperature, character of service, \ 
and life of the battery are of importance in determining the proper 
specific gravity. 

Enough acid in a given space within the cell must be provided to 
give the required output. The theoretical number of ampere-hours per 
liter has been (ailculated for various concentrations and is given in 
Table 18. It is not possible, however, to use all the acid in the cell. 
Space and weight requirements for portable cells do not j)ermit of large 
volumes of electrolyte. In stationary cells space and weight are of 
less importance. 

Chemical reactions, occurring within the cell during the time that 
it is at rest, place a limitation on the concentrations of acid that may 
be used. Local action (p. 134) increases raj)idly wdien the concentra- 
tion of the acid is increased. This is particularly true of the negative 
plate. Another chemical action taking place within the cell is that 
of the electrolyte on separators made of wood. These separators are 
destroyed by too strong acid. The action of 1.300 sp. gr. acid on the 
separator is much more marked than that of 1.250 and lower concen- 
trations. The performance of batteries that are charged and dis- 
charged at frequent intervals, such as starting and lighting batteries 
or vehicle batteries, is not seriously affected by slight chemical actions 
resulting in the formation of lead sulfate. Batteries which are less 
frequently charged must be free from local action so far as possible. 

The chemical reactions within the cell practically limit the higher 
concentrations to 1.300 sp. gr., and present tendencies are to use less 
acid. 

The temperatures to which the battery is subjected in service have 
an important bearing on the specific gravity. Batteries exposed to low 
temperatures, such as automobile batteries in cold climates or airplane 
batteries, require a high density of acid to permit their capacity to be 
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utilized without depleting their electrolyte to so low a specific gravity 
that freezing occurs. On the other hand, batteries for use in hot 
climates or on ships passing through the tropics require a lower spe- 
cific gravity because of the increased chemical activity at the higher 
temperatures. 

An extended investigation to determine the best concentration of the 
electrolyte for automotive batteries was made by Greenburg and 
Orsino,*^ as a result of which they recommended using electrolyte 
of 1.260 sp. gr. 

The range of concentrations for different types of batteries wlien 
fully charged is approximately as follows: 

Stationary batteries 
Truck and tractor batteries 
Starting and lighting batteries 
Starting and lighting batteries in the tropics 
Aviation batteries 
Car-lighting batteries 
Portable railway-signal batteries 
Counter cells 


1 200 to 1.225 

1 260 to 1 280 

1 260 to 1 280 

1 200 to 1 m) 

1 2()0 to 1 285 

1 210 to 1 2‘M) 

1 220 

1.210 to 1 250 


PURITY OF THE ELECTROLYTE 

Satisfactory service can only be obtained when the electrolyte is of 
a high degree of purity. It is necessary, therefore, that both the 
sulfuric acid and the water used in preparing the electrolyte should 
be pure. Distilled water is much to be preferred to natural water. 
The impurities contained in natural water may be small in amount, 
but their effect in the storage battery is cumulative because the evaj)- 
oration which takes place results only in the loss of oxygen and 
hydrogen, which are the constituents of water, leaving the mineral and 
other impurities in the solution. Natural waters vary considerably 
in purity from one time of the year to another and in different localities. 
For Edison alkaline batteries, distilled water that has been kept in 
a closed container should be used exclusively to avoid carbonates. 
Rain water may be used in lead batteries if it is not collected from 
metallic roofs. 

Limits for Impurities in Sulfuric Acid 

Specifications for sulfuric acid, both in the concentrated form and 
when diluted for use in storage batteries, differ very greatly as to the 
amount of the various impurities considered allowable. In Table 22 

R. H. Greenburg and J. A. Orsino, Sulfuric acid and its effects on the storage 
battery, Lab. Publ. 219-60, National Lead Co. Research Laboratories. 
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are given figures taken from Federal Specifications OS801 and WB131e. 
If the amount of impurities allowed by specifications is made too small, 
a serious difficulty may arise in finding acid sufficiently pure to meet 
them. On the other hand, the specifications must limit the impurities 
to such amounts as are still within the limits for satisfactory operation 
of the batteries. 

Table 22. Purity of Sulfuric Acid and Solutions for 
Battery Use 


(Specific gravities are at 60° F.) 

Maximum Limits, Per Cent 
(Except as Noted) 



Calcu- 



Sp.Gr. 1.280 


lated as 


49.50 to .50.5 

(in new 



Sp.Gr. 1.835 

Per Cent 

battery*) 

Per cent H2SO4, 





not less than 


93.19 

50 0 

36 8 

Organic matter 


t 

t 

t 

Fixed residue 


0 03 

0.015 

Lead com- 

Suspended matter 




pounds only 

Iron 

Fe 

0.005 

0.003 

0.012 

Sulfurous acid 

SO2 

0.004 

0.002 


Arsenic 

As 

0.0001 

0.00005 

0.00005 

Antimony 

Sb 

0.0001 

0.00005 

0 0005 

Manganese 

Mn 

0.00002 

0.00001 

0.00002 

Nitrates 

NO3 

0.00050 

0.00030 


Ammonia 

Nn4 

0.00100 

0.00050 

0.006 

Chloride 

Cl 

0.00100 

0.00050 

0.012 

Copper 

Cu 

0.00500 

0.00300 

0.005 

Zinc 

Zn 

0.00400 

0.00200 


Selenium 

Se 

0.00200 

0.00100 


Platinum 

Pt 

t 

t 

t 

N ickel 

Ni 

0.0001 

0.00005 



* Some manufacturers^ specifications permit slightly more arsenic, anti- 
mony, and ammonia in new batteries. The upper limits are: As 0.0001; 
Sb 0.001; NH4 0.012. 
t To pass test, see Chapter 9. 

It is assumed that, when the concentrated acid is diluted to a specific 
gravity of 1.400 (50 per cent) with pure distilled water, the percentage 
of impurities in the diluted solution will be approximately halved. 
There is no hard and fast rule for electrolytes in batteries. The limits 
given in Table 22 are about what may be expected for new batteries 
when fully charged. Some impurities tend to accumulate as the age 
of the battery increases, but not all of them remain in the electrolyte. 
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Platinum, silver, copper, arsenic, and antimony deposit on the nega- 
tive plates; nitrates are reduced to ammonia; chlorides are eliminated 
as chlorine, in part at least, during charge; manganese is precipitated 
as manganese dioxide, but enough can remain in the electrolyte to do 
damage to organic materials; iron and ammonia remain in solution 
and are likely to increase with time. 

Limits for Impurities in Water 

Distilled water is to be preferred for use in storage batteries, but it 
is not always obtainable. The question then arises as to the maximum 
allowable impurities that natural water supplies may contain and still 
be safe for battery use. Table 23 is based on former Navy instruc- 
tions. 


Table 23. Recommended Maximum Allowable Impurities in Water 
FOR Storage-Battery Use 


Impurity 

Calculated as 

Parts per Million 

Color 


Clear and “ white 

Suspended matter 


Trace 

Total solids 


100 

Calcium and magnesium oxides 

CaO and MgO 

40 

Iron 

Fe 

5.0 

Ammonia 

NII 4 

8.0 

Organic and volatile matter 


50 

Nitrates 

NR)3 

10 

Nitrites 

NO 2 

5.0 

Chloride 

Cl 

5.0 


The item that will exclude the greatest number of public supplies 
is probably chloride. The total solids and the oxides of calcium and 
magnesium are about in the proportions in which they occur in most 
waters, and therefore either one of them may be taken as the limiting 
factor. Iron is an important impurity, and the iron content of water 
as drawn from taps is not always shown by the analysis of the local 
water supply, because samples for the analysis are usually taken near 
the source, avoiding the mains and service lines. Another impurity, 
which is seldom mentioned, is manganese. This is perhaps rare iiv 
natural water supplies but is known to occur in river water which is 
acid, varying in certain localities from 0.2 to the highest observed, 10 
parts per million. The limit on manganese for water to be used in 
batteries is about 0.00006 per cent. 

Storage of water supplies for battery use in isolated communities 
needs consideration if harmful contamination is to be avoided. Prefer- 
ence is for unlined wood tanks of redwood, cypress, or cedar, in the 
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order named. These should be filled with water and allowed to stand 
1 week, after which they should be flushed and refilled. 

Information about water supplies throughout the United States, in- 
cluding analyses of 670 public water supplies, has been published by 
the Geological Survey.® 

Although the principle of ion exchange was discovered many years 
ago, recent years have witnessed a rapid development first with natu- 
rally occurring zeolites and later with synthetic resins for the purifica- 
tion of water and other solutions. The ion-exchange process is 
method of removing positively or negatively charged ions by introt 
ducing large insoluble molecules that exchange like charges with the 
ions that are to be removed. The water is passed through a bed of the\ 
exchangers, and these in time require regeneration. With proper 
choice of the exchangers to be used, water can be highly purified and 
made entirely suitable for use in storage batteries as well as for other 
purposes. 

Since natural waters usually contain bicarbonates, and purified or 
distilled water in contact with the air will come to equilibrium with 
the carbon dioxide present, the use of such water in storage batteries 
of the alkaline type is not recommended. For these, pure non-aerated 
water is preferred. 


Local Action 

Storage batteries of the lead-acid type are known to lose charge on 
standing as a result of local action at the plates. The amount should 
not be excessive. The rate of local action that may be expected of 
automotive batteries in good condition is approximately as follows: 


Temperature 
100° F 
80° F 
50° F 


Loss per Day 
0.003 sp. gr. 
0.002 sp. gr. 
0 . 0005 sp. gr. 


Assuming that at most a loss of 75 points is permissible, this would 
require recharging the batteries at 100° F once in 25 days, at 80° F 
once in 37 days, and 50° F once in 5 months. If the specific gravity 
of the electrolyte in a battery is reduced to 1.170 after a full charge, 
less frequent charging will be required to maintain it in storage, per- 
haps once in 6 months at 70° F. 

Cells in which local action has been reduced to a minimum were 

® W. D. Collins, W. L. Lamar, and E. W. Lohr, The industrial utility of -public 
water supplies in the United States, 1932, Water Supply Paper 668, Govt. Printing 
Office, 1934. 
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described by Rose and Zachlin.® These cells were free from antimony 
in the grids and had thick, relatively soft plates designed for discharge 
at low rates over long periods of time. 

Several extended investigations of local action and its causes have 
dealt with losses varying with temperature, composition of the grids, 
and the time of inactivity. Zachlini<> experimented with batteries in 
the range of —2 to +47° C (28 to 117° F) and grids varying from 
0.5 to 12 per cent antimony. Local action increases with increasing 
temperature and antimony content. Hoehne^^ investigated the be- 
havior of batteries operated after periods of inactivity up to 400 days. 
He found lasting effects on both plates and separators, and some loss 
of capacity. ’ 

A certain amount of lead sulfate is formed as the result of local 
action whenever the plates are immersed in any sulfuric acid solution, 
even though it be the purest obtainable. Detrimental impurities may 
(1) corrode the plate, (2) accelerate the formation of lead sulfate, or 
(3) be deposited in the pores of the plate. In any event the weight 
of the plate changes, and this change affords the most sensitive and 
exact means we have for estimating the extent of the reaction. This 
method was devised by Vinal and Ritchie^ ^ for measurements on posi- 
tive and negative plates suspended in pure sulfuric acid solutions. 

In order to obtain comparable results, it is necessary that the tem- 
perature be maintained at a constant value. This was accomplished 
by immersing the glass jars containing the electrolytes in a large water 
bath thermostatically controlled to within about 0.01° C. Two posi- 
tive plates or two negative plates, suspended on glass hooks, were 
placed in each jar. As a preliminary step the plates were given several 
cycles of charge and discharge, after which they were fully charged 
and then submerged in the electrolytes to be tested. The electrolytes 
were saturated with lead sulfate because the previous work showed 
this to be necessary. 

A sensitive balance mounted on a marble slab above the thermostat 
bath was used for weighing the plates while they were immersed. Any 

® C. C. Rose and A. C. Zachlm, Low-discharge cells, Trans. Electrochem. Soc., 
(1935). 

A. C. Zachlin, Effect of temperature on the rate of self discharge of lead-acid 
storage batteries, Trans. Electrochem. Soc., 82, 365 (1942); Self discharge of 
storage batteries, ibid., 92, 259 (1947). 

E. Hoehne, Das Verhalten gepasteter Bleisammler wahrend u. nach langerer 
Nichtbenutzung, Arch. Metallkunde, S, 185 (1949). 

12 G. W. Vinal and L. M. Ritchie, A new method for determining the rate of 
sulfation of storage-battery plates, Technol. Papers Bur. Standards, 17, 117 (1922), 
No. 225. 
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plate could be brought directly under the arm of the balance, as the 
jars containing them were carried on a revolving frame. The arrange- 
ment of the apparatus is shown in Fig. 50. 



Fig. 60. Apparatus for determining the rate of sulfation of storage-battery plates. 


Since the weighings were made of plates immersed in the electrolyte, 
a buoyancy correction was necessary. This correction was applied to 
the small difference of two weighings, and hence a slight error in the 
density of either the solutions or the active materials produced a neg- 
ligible error in the final result. 

Since the molecular weight of lead is 207.21 and that of lead sulfate 
303.27, the gain in weight during the transformation of 1 mole of lead 

96 06 

to 'lead sulfate is 96.06 grams: and the relative gain in weight is — 

207.21 
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times the weight of lead acted upon. There is, of course, a large 
amount of lead that does not take part in the reaction and that decreases 
the sensibility of the weighings; but in spite of this fact and the heavy 
damping resulting from the viscosity of the electrolytes, the balance was 
sufficiently sensitive to permit an accuracy of a few tenths of a milligram 
to be obtained. 

From the rate of change in weight of the plates, the equivalent loss 
in ampere-hour capacity can he computed. The valence is 2, and 
hence a gain in weight of the negative plate of 96.06 grams is equiva- 
lent to 2 X 96,500 coulombs. From this the change in weight is com- 
puted to be 1.79 grams per ampere-hour. 

In Table 24 are given the measurements made on the negative plates 
of two manufacturers when the solutions were maintained at constant 
temperatures of 22, 25, and 30° C. The increase in the rate of sulfa- 
tion from 22 to 25° C is proportionately greater than from 25 to 30° C. 


Table 24. Effect of Temperature on the Rate of Sulfation 
OF Negative Plates 


Specific 

Gravity 


25° 


Gain in Weight, Grams per Hour, Saturated Solutions, 
for Plates of 


Manufacturer B at Manufacturer A at 


25° 

22° C 

25° C 

30° C 

22° C 

25° C 

30° C 

1 150 

0 0031 

0.0048 

0.0056 

0 0012 

0.0022 

0.0022 

1 200 

0.0073 

0.0118 

0 0118 

0 0016 

0.0026 

0.0027 

1 250 

0.0111 

0.0178 

0 0196 

0.0028 

0 0036 

0.0051 

1 300 

0 0183 

0.0283 

0 0325 

0 0046 

0 0060 

0.0082 

1 350 

0 0270 

0 0385 

0 0420 

0 0122 

0.0151 

0.0196 

1.400 

0 0614 

0.0906 

0.1027 

0.0350 

0.0460 

0.0544 


Local action at the positive plate is essentially electrochemical, 
resulting from the difference in potential between the oxide and the 
lead-antimony alloy of the grid. Metallic impurities are not precipi- 
tated by the oxide, and Dolezalek and Finckh^'^ have stated that no 
solubility of the dioxide in solutions of the specific gravities ordinarily 
used in storage batteries can be detected. The reaction at the positive 
plate in these experiments is therefore to be regarded as the general 
expression for the discharge of a cell, with the qualification that the 
negative electrode may be lead or lead-antimony alloy, depending on 
the construction of the plate. 


PbOa + Pb + 2 H 2 SO 4 = 2PbS04 + 2 H 2 O 

Dolezalek and K. Finckh, Loslichkeit und Oxydations potential von 
Plumbisulfat und Plumbioxide, Z. anorg. Chem., 61, 320 (1906). 
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The gain in weight of the positive plates is not as simply related to 
the total amount of sulfate formed as it is with the negatives. The 
sulfate which forms on the grid or the underlying lead is equal to 

96.06 grams for 2 X 96,500 coulombs, but the change in weight of the 
positive plates because of the formation of sulfate on the dioxide is 

64.06 grams for the same quantity of electricity. The difference is 
accounted for by the loss of 1 mole of oxygen at the dioxide. This 
means that 160.12 grams of sulfate would be formed on the positive 
plate if the quantity of electricity flowing were 2 X 96,500 coulombs. 
The ampere-hour equivalent for the gain in weight resulting from local 
action is, therefore, 2.99 grains for each ampere-hour. The experi- 
mental results for the positive plates in solutions of varying concen- 
tration at 25” C are given in Table 25 for solutions saturated with 
lead sulfate. 


Table 25. Gain in Weight, Grams per Hour, of Positive Plates 
IN Solutions at 25° C Saturated with Lead Sulfate 


Gain in Weight for Plates of 


^ Gravity ~ 




25° 

Manufacturer A 

Manufacturer R 

1.150 

0 0128 

0.0077 

1.200 

0.0121 

0 0077 

1.250 

0 0009 

0 0047 

1.300 

0 0053 

0 0050 

1.350 

0.0050 

0.0048 

1.400 

0 0047 

0 0049 


It will be observed from the results given in Table 25 that the gain 
in weight of the positive plates decreases as the concentration of the 
solution increases. This suggests that the plates contained some sol- 
uble constituent, the solubility of which increased as the concentration 
increased, but the data available on the solubility of lead dioxide and 
lead sulfate fail to offer an explanation. 


Effect of Various Impurities 

The importance of obtaining exact information about the effect of 
impurities in storage-battery electrolytes arises from the detrimental 
effects which many of them produce on the operating characteristics 
and life of the storage battery, and such information is necessary as a 
basis for the preparation of specifications for sulfuric acid to be used 
in the batteries. 

Determinations of the effect of many impurities have been made by 
the method of weighing the plates described above. The following 
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data are taken from the papers by Vinal and Altrup,^^ and Vinal and 
Schramm. ^5 A carefully measured quantity of the impurity was 
added to the electrolyte before the plates were immersed, and simul- 
taneous measurements were made of the rate of sulfation of similar 
plates in pure solutions, the latter being designated as control experi- 
ments. The concentrations of the impurities are expressed as per- 
centages by weight. An analysis of many control experiments makes 
possible the computation of the probable error of a single observation. 
For negative plates the probable error of a single observation varies 
from 0.15 gram at 50 hours to 0.60 gram at 500 hours; for positive 
plates the probable error is somewhat smaller. 

Impurities Affecting the Negative Plates Only. These include 
metals (Table 26) that are deposited quickly in the metallic state 
and produce considerable gassing, and those chemical compounds that 
are reduced more slowly at the negative plates and result in little, if 
any, perceptible liberation of hydrogen. A closed circuit is formed 
between the lead of the plate and the impurity that is deposited upon it. 
Lead sulfate is formed in proportion to the quantity of electricity 
flowing and the plate gains in weight. Hydrogen is deposited on the 
surface of the metallic impurities. The potential required for the 
liberation of hydrogen on the various metals varies, but it is always 
in excess of the potential of the reversible hydrogen electrode. This 
excess is referred to as overvoltage. Hydrogen is liberated most easily 
on metals having a low overvoltage, such as platinum and the other 
metals of the platinum group. These are therefore the most harmful 
to the battery. Copper and tin having higher overvoltages are less 
harmful, and those metals having an overvoltage which places them 
above the discharge potential for hydrogen on lead, such as cadmium, 
zinc, and mercury, produce little or no effect. In some cases the depo- 
sition of hydrogen may result in the formation of other chemical 
compounds. 

Platinum. Platinum has always been considered one of the most 
deleterious impurities, but it is not as common an impurity now as 
formerly, because sulfuric acid is no longer concentrated in platinum 
vessels. When negative plates are immersed in electrolyte containing 
even a very minute amount of platinum, gassing begins at once and the 
plate is rapidly discharged. The presence of 0.0001 per cent of plat- 
inum produced such violent gassing that the surface of the plate was 

G. W. Vinal and F. W. Altrup, Effect of certain impurities in storage-battery 
electrolytes, Trans. Am. Inst. Elec. Eng., 43, 709 (1924). 

15 G, W. Vinal and G. N. Schramm, ibid., 44, 288 (1925). 
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Table 26 . Local Action Produced by Impurities Affecting 
Only the Negative Plates 

(Results are expressed as the gain in weight of a single plate in grams at 
intervals from 50 to 500 hours.) 


Impurity 

Material 

Added 

I Per- 
centage 
Impurity 

Time in Hours 

50 

100 

200 

300 

400 

500 

None (Control e] 

eperiments) 


0.69 

1.44 

2 68 

3.87 

5 03 

6.08 


( 

0 00001 

0 7 

1 4 

3 0 

4 8 

6 8 

8 4 

Platinum 

Ptcu \ 

0.00003 

13 2 

19.3 

26. 1 

29.9 

32 4 

34 2 


[ 

0 00005 

27.4 

28.1 

28.8 

29.2 

29 3 

29 5 

Copper 

CuS 04 

0.008 

1.1 

2.1 

4.0 

6 1 

8.1 


Copper 

CuS04 

0 04 

7.3 

10.7 

15.6 

19.5 

23 5 


Silver 

Ag2S04 

O.l 

13.5 

18 6 

24.0 




Tin 

SnS 04 

0.1 

4 6 

7 0 

9.4 

11 0 

12 5 

13 9 

Tungsten 

WO 3 

0 003 

0.3 

1.7 

5.3 

10.0 

15 0 

20 0 

Bismuth 

Bi'iOa 

0.2 

4.5 

5.8 

8 2 




Sulfurous Acid 

II 2 SO 3 

0.05 

5.1 

6.4 

8 3 

10 2 

11 8 

13 6 

Sodium Bichromate 

Na2Cr207 

0 05 

3 3 

5.2 

8 4 

11 4 

14 1 


Arsenic* 

A 82 O 3 

0 001 

1 3 

2.6 

4 8 

6.9 

8 8 

10 9 

Arsenic 

A 82 O 3 

0 10 

0 8t 






Antimony 

Sb2(S04)3 

0.001 

3 8 

8.8 

16.3 






0.001 

1.3 

2.0 

3 6 




Nitrates 

HNO 3 ^ 

0 004 

3.1 

4 0 

5.2 






0 008 

5 3 

6.4 

7 7 






0 035 

23 0 

25 3 

27 3 





* These results are not as reliable as the others. 

t At 55 minutes, plates gassing and solution turned brown, test abandoned. 


apparently blasted off and much of the platinum was thereby removed, 
which accounts for the fact that 0.00003 per cent acting more slowly 
produced a greater discharge of the plates, as shown in Fig. 51. Nega- 
tive plates contaminated with platinum are useless. 

The curves of Fig. 51 make possible an estimate of the local action 
in terms of the equivalent current that would be discharged by the 
plate normally for the same rate of sulfation. The equivalent currents 
are proportional to the slopes of the lines. The curve for plates in 
pure acid shows the average equivalent current of the local action to 
be 0.0059 ampere. With this as a basis, the equivalent currents during 
the first part of the experiment for the other curves have been calcu- 
lated to be as shown in the table on p. 141. 

By this calculation, a physical meaning is given to the rather vague 
term “local action.” 
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Platinum 

Concentration, 

% 

0 00001 
0.00002 
0.00003 
0.00005 
0.00010 


Current Equivalent 
of Local Action, 
amp 
0.0093 
0.0113 
0.107 
0.345 
1.71 


Copper and Silver, Large amounts of copper and silver were added 
to the solutions as these metals do not produce such marked effects as 



Fig. 51. Local action of plates in solutions contaminated with small amounts of 

platinum. 

platinum. A considerable amount of the copper and silver was de- 
posited on the plates as a spongy mass which afterward fell off. The 
gain in weight of the plates was therefore chiefly lead sulfate. The 
copper solutions, initially blue, lost color as the copper deposited, and 
an analysis of the electrolyte at the end of the experiment showed only 
a very small trace of copper remaining. Since the amount of solution 
to one plate in these experiments was approximately ten times that 
in a battery under operating conditions, it is apparent that a larger 
amount of copper or silver was deposited on a single plate than would 
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be the case normally for the same concentration of these impurities. 
If more plates had been present, these impurities would probably have 
been deposited more uniformly and so would have been more effective. 
Such impurities as copper and silver cannot be eliminated by changing 
the electrolyte, but their effect may in some cases be mitigated, as will 
appear later. 

Bismuth. Bismuth trioxide reacts with sulfuric acid to form bis- 
muth sulfate, and this in turn is reduced at the negative plates to 
bismuth with the formation of an equivalent amount of lead sulfate. 
The bismuth is deposited as a brown powder on the plate. Twelve 
and a half grams of bismuth trioxide were added to the solution of sul- 
furic acid. This amount is equivalent to 24.4 grams of lead sulfate, 
but to this must be added the wxight of the bismuth deposited in the 
pores of the plate, amounting to 11.2 grams, making the predicted 
increase in weight 35.6 grams. The two plates in the solution actually 
gained a total of 33.6 grams. 

Arsenic and Antimony. Both these materials affect the negative 
plates, particularly antimony. The reactions of arsenic and antimony 
are probably analogous to those of bismuth, as the reduced material 
becomes visible after a short time. The presence of either antimony 
or arsenic in the electrolyte may be detrimental for other reasons also. 
Traces of arsine and stibine have occasionally been reported in the gas 
liberated from storage batteries when on charge. 

Antimony, when present on the surface of negative plates, is a cause 
of local action which results in the formation of lead sulfate and the 
liberation of hydrogen. Jumau^^ recognized this in 1898, and two 
years later Strasser and GahU'^ showed that hydrogen is liberated more 
easily on antimony than on lead, that is, the overvoltage for hydrogen 
on antimony is less. More recently the experiments of Crennell and 
Milligan,!® Schubert,!® and Vinal, Craig, and Snyder^o have shown 
that corrosion of the positive grid in normal operation of a battery 
may supply enough antimony to the negative plates to affect their per- 

L. Jumau, Les accumulateurs electriques, p. 331, Dunod et Pinat, Paris, 1907. 

Strasser and Gahl, t)ber die Gaspolarisation im Bleiakkumulator, Z. Elek~ 
trochem., 7, 11 (1900). 

!® J. T. Crennell and A. G. Milligan, The use of antimonial lead for accumulator 
grids: A cause of self discharge of the negative plates, Trans. Faraday Soc., 211 , 
103 (1931). 

!®B. H. Schubert, Paper before Natl. Bat. Mfrs. Assn., Apr. 24, 1931. 

20 G. W. Vinal, D. N. Craig, and C. L. Snyder, Composition of grids for positive 
plates as a factor influencing the sulfation of negative plates, Bur. Standards J. 
Research, 10, 795 (1933), RP 567. 
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formance. As a result of each period of charge, antimony from the 
positive grids is deposited in minute amounts on the negative plates. 
This freshly deposited antimony is very active, but fortunately for the 
operation of the battery, successive charges and discharges of the cell 
cover the antimony previously deposited with lead or lead sulfate 
and thereby decrease its effect. Old plates contain more antimony in 
the active material than new plates and they are, therefore, subject to 
more local action, but the local action is usually not proportional to 
the amount of antimony carried in the active material. The maximum 
charging voltage of a cell without antimony (or other materials of 
low overvoltage for hydrogen) is normally more than for the ordinary 
cell, because polarization of the negative plates, which are cathodic 
during charge, is greater when antimony is absent. Maximum cell 
voltages on charge have been reported from 2.8 to 3.0 volts, but the 
value in any particular case will depend on current density, resistance, 
and other factors. This excessive voltage has been cited sometimes 
as a possible cause for corrosion and failure of positive grids which do 
not contain antimony. This cannot be the correct explanation, how- 
ever, since the excess voltage is a result of higher polarization of the 
negative plates while the potentials of the positives are affected little 
if at all by antimony. This is illustrated in Table 27, which gives 
some typical conditions. 

Studies of stibine, the hydride of antimony SbH^, have extended our 
knowledge of this toxic gas. Sand, Grant, and Lloyd^^ made a study 
of the overpotential at antimony cathodes. Their work is without 
reference to storage batteries, but they obtained information of possible 
interest in battery operation. Using a commutator with 64 segments 
they could a})ply either direct or alternating current and found the 
surprising result that stibine is formed at lower current density with 
the alternating. Stibine does not form very readily, and fairly high 
current densities and high acid concentrations are necessary. Attempts 
to reproduce their results failed to confirm their conclusions. 

Haring and Compton 2 2 made direct determinations of stibine pro- 
duced during the charging of a battery. The amount of stibine formed 
increases abruptly when charging is completed and overcharging begins. 
It is produced coincidentally with hydrogen evolution. Requisites for 
the formation of stibine are the presence of metallic antimony and 

21 H. J. S. Sand, Julius Grant, and W. V. Lloyd, Overpotential at antimony 
cathodes and electrolytic stibine formation, J. Chem, Soc., 130, 378 (1927). 

22 H, E. Haring and K. G. Compton, The generation of stibine by storage bat- 
teries, Trans. Electrochem. Soc,, 68, 283 (1935). 
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Table 27, Effect of Antimony on Plate Potentials 
AND Cell Voltages 

(Negative grids for these cells were all of the same commercial type.) 


J)es(;ription of Plates 

Cycle 

Num- 

ber 

Per Cent 
Antimony 
Found in 
Active 
Material 

Cell 

Voltage, 

V 

Plate Potentials, 
Cadmium Readings 

Positives, 

V 

Negatives, 

V 

Positive grids, pure lead 

1 


2.61 

2.44 

-0.15 


50 


2.79 

2.52 

-0 24 


115 

0.04 

2.82 


-0 25 

Positive grids, 7% antimony 

1 


2.61 

2.46 

-0.13 


50 


2.73 

2.49 

-0.22 


115 

0.24 

2.59 

2.52 

-0 06 

Positive grids, 10% antimony 

1 


2.60 

2.44 

-0 13 


50 


2.70 

2.51 

-0.16 


115 

0.46 

2.52 

2.52 

0.00 

Positive grids, pure lead with 






new negative plates 

Same, 0.03% antimony added 



2.64 

2.49 

-0.13 

to the electrolyte 

Positive grids, pure lead nega- 



2.53 

2.50 

0.00 

tives after 2 years in service 


.... 

2 51 

2 49 

0 00 


nascent hydrogen. Plates having a deposit of antimony can be par- 
tially cleared by overcharging at a cell voltage of 2.55 volts or more. 
The gas then passes off as stibine. 

The mechanism by which the negative active material becomes con- 
taminated by antimony in the ordinary operation of a storage battery 
probably involves the formation of antimony trisulfate, Sb2 (804)3, 
directly or from the trioxide, Sb203, or from the trichloride, SbCls, 
if a trace of chlorine is present. At the negative plates reduction to 
metallic antimony occurs, and this deposits on the sponge lead. 

Nitrates, Nitric acid added to the electrolyte was reduced at the 
negative plates and produced a marked increase in the rate of sulfation. 
Even so small a quantity as 0.001 per cent produced a measurable 
result. The reduction of nitric acid results in the formation of lead 
sulfate and ammonium sulfate. In the static tests, nitric acid was 
without effect on the positive plates, but this would not be the case 
in a battery in actual operation. The grids of the pasted plates would 
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then be attacked. The use of nitrates as forming agents has been 
referred to previously. 

Impurities Affecting the Positive Plates Only. These are chiefly 
organic compounds, such as starch, dextrose, sucrose, and extracts from 
wood separators. 

The effects of acetic acid in storage batteries may appear to be con- 
tradictory, as they are not proportional to the amount of acetic acid 
present. Under some conditions, 1 per cent (or more, if the tempera- 
ture is not too high) may be added to cells without deleterious effects, 
but under other conditions much smaller amounts will quickly destroy 
the positive plates. Experiments have shown that positive plates 
whose grids are adequately protected by a covering of lead dioxide 
are relatively immune to the action of acetic acid, but portions of the 
grid that are bare or covered only with lead sulfate are readily 
attacked. The difficulty in studying this problem lies in determining 
small amounts of acetic and other volatile organic acids in the presence 
of large amounts of sulfuric acid. Craig-^ has, however, developed a 
satisfactory method for determining acetic and formic acids in battery 
electrolytes. 

Electrolytic effects of acetic acid and other materials yielding acetate 
ions occur during charging. Acetic acid, as an impurity in the elec- 
trolyte, has little effect on the rate of sulfation of plates standing in 
the electrolyte (see Table 28) , but it has a very corroding effect on lead 
and lead alloys when these are made anodic. 

Schreiner, 24 without discussing storage batteries, has shown that 
anodic oxidation of acetic acid in sulfuric acid solutions occurs as 
follows: 

CH3COOH -4 CH2OHCOOH CH(0TI)2C00H 

(acetic acid) (glycolic acid) (glyoxylic acid) 

COOHCOOH 2CO2 

(oxalic acid) (carbon dioxide) 

This represents the condition when the grids are fully protected by 
lead dioxide. Tests on cells fulfilling this condition showed that acetic 
acid, added to the electrolyte initially, is eliminated. 

When grids are subject to attack, lead acetate is formed. This is 
soluble and increases the lead ions, with the result that considerable 
lead sulfate is deposited. The acetate ion, CH3COO-, migrates to the 

23 D. N. Craig, Determination of small quantities of volatile organic acids in 
sulfuric acid solutions, Bur. Standards J. Research, 6, 169 (1931). 

24 R. Schreiner, Anodische Oxydation der Essigsiiurc in Schwcfelsiiure Ldsung, 
Z. Elekirochem., 36, 953 (1930). 
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(a) (b) (c) 

Fig. 52. Effect of acetic acid on positive grid: (a) and (c) arc grids destroyed 
by acetic acid; (h) is a magnified section of surface between grid and positive 
active material of a plate attacked by acetic acid, showing voids and sulfate spots. 


Table 28. Local Action Produced by Impurities Affecting 
Only the Positive Plates 


(Results are expressed as the gain in weight of a single plate in grains at 
intervals from 50 to 500 hours.) 


Impurity 

Percentage 
of Impurity 

Time in Hours 

50 

100 

200 

300 

400 

500 

None (Control expi 

srirnents) 

0.34 

0 51 

0 66 

0 86 

1.05 

1 15 

f 

0.1 

0.4 







Acetic acid 1 

1 0 


0 9 

1 6 





3 0 




2.4 

3 3 


\ 

Separator extracts (treated) 


3.2 

5.2 

7.7 

9.4 



Separator extracts 








(untreated) 


8.9 

13.5 

18.6 

21 1 



1 )extrose 

1.0 

23.2 

26.3 

27.2 




Sucrose 

1.0 

23.6 

26.7 

27.6 




Invert sugar 

2.0 

23.6 

26.4 

26.8 




Starch 

0.5 

11 5 

20.3 

25.1 




I'annic acid 

0.10 

0 6 

1.1 

1.9 

2 6 





anode, which in this case is the positive plate of the battery, and 
attacks the lead repeatedly. Because the density of lead sulfate is less 
than that of lead, expansion occurs and the plate is said to “grow,^^ 
while at the same time the grid loses its mechanical strength and ulti- 
mately disintegrates. 

It is characteristic that the attack of acetic acid occurs in confined 
places, as between the grid and the active material. This is illustrated 
in Fig. 52. The acetic acid is less likely to attack the outer rim of the 
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grid because this is covered, presumably, with lead dioxide. If the 
active material has pulled away from the grid, or if there are void 
spaces, or if formation is incomplete, areas are present which are 
subject to attack by acetic acid. When this occurs, the process is 
likely to continue. 

Ethyl alcohol (C 2 H 5 OH) appears at first sight to be a most unlikely 
impurity to associate with the electrolyte of a storage battery, but a 
surprising number of inquiries have been made as to the effects that 
it produces. Alcohol finds its way into automobile batteries either as 
the result of a mistake when water should have been added or because 
of the impression that it will prevent freezing. Laboratory experi- 
ments have shown that alcohol, which is oxidized to acetic acid at the 
positive plates when the battery is charged, produces corroding effects 
similar to those of acetic acid. 

Extracts from separators of cedar and cypress in both the treated 
and the untreated condition were made with sulfuric acid solutions of 
1.250 specific gravity. The effects they produced led to experiments 
with other organic materials. The quantitative effects of materials 
affecting the positive plates are given in Table 28. 

Impurities Affecting Both Positive and Negative Plates. These 
include several metals which may be present in the electrolyte in two 
states of oxidation, and chlorine. 

Iron. Iron is perhaps the most common impurity. It is oxidized 
at the positive plates and reduced at the negative plate, resulting in the 
discharge of both. Experimental results on the effect of iron are given 
in Table 29. 

When iron in the ferrous condition is added to the solution it is 
oxidized by the active material of the positive plates to ferric sulfate, 
accompanied by the formation of lead sulfate and water. The fol- 
lowing equation for the reaction is assumed: 

Pb02 + 2FeS04 + 2H2SO4 ->PbS 04 + Fe2 (804)3 + 2H2O (1) 

The lead sulfate that is formed permits an accurate calculation to be 
made of the extent of the reaction from the gain in weight of the 
plates. The gain in weight of the positive plates must, however, be 
calculated as PbS 04 : (PbS 04 — Pb 02 ), because the plate gains the 
sulfate radical SO 4 as the result of the reaction but loses simultane- 
ously two oxygen atoms for each molecule of lead sulfate that is 
formed. The reaction expressed by equation (1) proceeds to comple- 
tion if sufficient time is allowed. That is to say, all the ferrous sulfate 
is oxidized to the ferric condition, and beyond this point the rate of 
formation of lead sulfate is essentially the same as for plates in pure 
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Table 29. Local Action Produced by Impurities Which Affect 
Both the Positive and Negative Plates 

(Results are expressed as the gain in weight of a single plate in grams at 
intervals from 50 to 500 hours.) 


Impurity 


Material 

Added 


Per- Time in Hours 

icentage of| 

Impurity 50 | 100 | 200 | 300 | 400 | 500 


(Positive Plates) 



(Control 








None 

experiments) 


0.34 

0.51 

0.66 

0.86 

1.05 

1.15 



0 012 

0 7 

0 9 

1.1 

1.3 



Iron 

FeS 04 

0.08 

1.5 

1 8 

2.2 

2.3 





0.4 

5.6 

6.8 

7 2 

7.5 



Manganese 

MnS04 

0.08 

0.4 

2.9 

8.4 

3.7 
10 6 

4.4 

14.4 

5.0 

18.4 



Chlorine 

fHCl 

0.5 

5 5 

7.1 

8.2 

11.9 

13.5 


INaCl 

1.00 

23.7 

25.4 

26.0 

26.2 




None 

Iron 

Manganese 

Chlorine 


(Control 

experiments) 

Fe2(S04)3 

KMn04 

HCl 

NaCl 


(Negative Plates) 


I 



0.69| 

1.44 

0.012 

1.2 

2.0 

0 08 

6.3 

8.0 

0.04 

2.2 

3.0 

0.40 

3 1 

4.0 

0.02 

0.6 

1.3 

1.00 

22 0 

27 1 


2.68 
3 4 
9 5 

4.3 

5.3 
2 7 

130.2 


3.87 

4.6 

10.8 

5 6 

6.7 


132.7 


5 03 
5.8 
12.2 


6.08 
7 0 
13 6 


acid solutions. The results of these experiments showed that the 
curves representing data obtained from the iron solutions become 
parallel to those for the pure acid solutions after about 150 hours. 


Table 30. Comparison of Calculated and Observed Values for 
Positive Plates in Solutions Containing Iron 


Amount of Iron Added 
Per Cent Grams 


Equivalent 

Ferrous 

Sulfate, 

g 


Calculated 
Equivalent 
Lead Sulfate, 
g 


Observed 
Amount of 
Lead Sulfate, 
g 


0.4 22.5 

0.08 4.5 

0.012 0.675 


61.2 61.2 
12 2 12.2 

1 8 1.8 


60.2 

11.8 

3.4 


We may, therefore, calculate the amount of lead sulfate that should 
be formed and compare it with the amount determined by the weigh- 
ings. Such a comparison is made in Table 30. 

Since the reaction expressed in equation (1) came to a definite ter- 
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mination, this afforded an excellent opportunity to determine what the 
effect of introducing negative plates into the solution would be. This 
case represents the condition of a battery containing both positive and 
negative plates. One charged negative plate was immersed in each 
solution at the conclusion of 360 hours. These plates were not in elec- 



Fig. 53. Effect of iron in producing local action at the positive plate. 


trical contact with the positive plates. The reduction of the iron to 
the ferrous condition began immediately, and the product in turn was 
reoxidized by the positive plates, accompanied by a further discharge. 
Curves showing the observations that were made are given in Fig. 53. 
The experiment was continued until 820 hours had elapsed. Iron has 
a destructive corroding action on the positive plates, particularly those 
of the Plante variety, because it increases the rate of sulfation. 

The action of iron on the negative plates is much more pronounced 
than on the positives, and the local action produced is in excess of the 
amount that would be calculated from the reduction of the ferric 
sulfate. The effect is probably the result of two simultaneous re- 
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actions, which may be represented by the following equations: 

Pb + Fe2 (804)3 BbS04 -f 2FeS04 (2a) 

Pb -f H2SO4 PbS04 + H2 (2b) 

The amounts of iron added to the solutions were 4.5 grams and 0.675 
gram. These are equivalent to 16.1 grams and 2.4 grams of ferric 
sulfate. On the basis of equation (2a) these amounts will account for 
12.2 and 1.8 grams of lead sulfate, respectively. 

Table 29 shows the gain in weight of the plates in terms of the 
sulfate, SO4, taken from the electrolyte. This gain in weight calcu- 
lated to lead sulfate, PbS04, is in excess of what may be accounted 
for by the reduction of the iron salt from the ferric to the ferrous con- 
dition. This indicates that the presence of iron accelerates the reaction 
between sulfuric acid and lead, as represented by equation (2b). 

In the early stages of the experiment, when considerable ferric iron 
was present, this reaction was greatly accelerated. When 150 hours 
had elapsed, this accelerating effect of the iron seems to have died out. 
After 150 hours sulfate was being formed at a slightly greater rate on 
the plates in the solutions to which iron was added than in the pure 
acid. This effect is probably to be accounted for by the well-known 
slow spontaneous reoxidation of the ferrous sulfate by the air and its 
subsequent reduction by the negative plates during the long time that 
the experiment lasted. 

Our knowledge of the reaction of iron in the storage battery has been 
extended by Lea and Crennell,^^ who have found that in addition to 
the discharge of the plates as a result of local action some permanent 
loss of capacity occurs which they attribute to adsorption of iron by 
the lead dioxide of the positive plates. They deny that iron ac- 
celerates the sulfation of negative plates as mentioned above, claiming 
that the self discharge of both positive and negative plates follows the 
simple theory of oxidation and reduction. However, Jumau^® has 
stated that the effect of iron is greater on negative plates than on 
positives. His results support those of Vinal and AHrup. Lea and 
Crennell found that a definite tendency exists for iron to accumulate 
at the bottom of the cell. This may afford an explanation for the 
difference in condition occasionally observed between the upper and 
lower portions of positive plates. 

25 F. M. Lea and J. T. Crennell, Iron as an impurity in accumulators, Tram. 
Faraday Soc., 28, 269 (1927). 

25 L. Jumau, fitude resume des arcumulateurs electriques, p. 93, 2d ed., Dunod, 
Paris, 1924. 
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Manganese. The experimental results obtained when negative 
plates were immersed in solutions containing manganese are shown in 
Table 29. It is at once apparent that the effects produced are not 
proportional to the amounts of manganese added. This is because of 
a reaction between the sulfuric acid and the potassium permanganate, 
which is independent of the reaction at the plates. The reaction 
between the permanganate and the 1.250 sp. gr. acid may be expressed 
by the equation: 

4KMn04 -f 6H2S04-^2K2S04 + 4MnS04 + 6H2O + 5O2 (3) 

This is a slow reaction that may be demonstrated by a simple labora- 
tory test, several hours being required to collect enough of the oxygen 
to make a satisfactory test. During the experiments the gas (oxygen) 
given off appeared in small amounts over the entire surface of the 
liquid. It was not localized at the plates. 

The reactions that take place at the plates, in contradistinction to 
the above reaction, which occurs whether or not the plates are present, 
result in decolorizing the permanganate and in the formation of lead 
sulfate and manganese dioxide. The reactions are not fully under- 
stood, but the following equation, which is in accordance with the 
observed facts, is believed to represent the reaction: 

2KMn04 + 4H2SO4 + 3Pb-^K2S04 + 2Mn02 + 3PbS04 + 4H2O (4) 

A sludge which fell to the bottom of the jar was tested and found to 
be hydrated manganese dioxide. No gassing was visible at the plates. 

Manganese was added to the solutions in which the positive plates 
were immersed, as manganous sulfate, MnS04. The solutions were 
initially colorless but began to show a purple coloration almost imme- 
diately after contact with the positive plates. This indicated the 
formation of permanganic acid, HMn04, probably according to the 
equation: 

5Pb02 + 2MnS04 + 3H2SO4 ~>2HMn04 4- 5PbS04 + 2H2O (5) 

Although manganese may be thrown out of solution as relatively 
insoluble manganese dioxide, a small amount of manganese persisting 
in the solution as permanganate has a strong and destructive oxidizing 
action on organic matter, including both wood and rubber. The action 
occurs particularly at points where the organic matter is pressed into 
direct contact with lead dioxide of the positive plates. A few hundred 
thousandths of a per cent of manganese in the electrolyte has been 
found destructive. 

Manganese causes wood senarators to become bleached and thin; 
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the ribs are destroyed, and the web becomes perforated. If separators 
damaged in this way are dried, the side which was next to the positive 
plates usually has a characteristic silvery appearance. Rubber sepa- 
rators also are eaten away in a manner to shorten the useful life of 
the cell. 

The characteristic pink to purplish coloration produced when the 
battery is on charge is a definite symptom of the trouble, but it cannot 
be readily observed when the cells are in opaque cases. 

There are several possible sources of manganese in a storage bat- 
tery. The sulfuric acid used in preparing the electrolyte may contain 
small amounts, but acid free from manganese in harmful quantities is 
obtainable. Material of the case is a more likely source. Sometimes 
the covers and bridges contain more manganese than the side walls. 
Iron and manganese often are found together in case material. Such 
material should be avoided. 

Manganese occurs in some natural waters^^ which tend to be acid. 
Such water should never be used in storage batteries. 

Chlorine and Chlorides. Hydrochloric is similar to nitric acid in 
its property of being a solvent for lead. Hydrochloric acid attacks 
both the sponge lead of the negative plate and the lead dioxide of the 
positive plate. In either case lead sulfate is produced. At the positive 
plate chlorine gas is liberated and this tends to mitigate the effects of 
chlorine in the battery, but many think that some chlorine is retained 
as a perchlorate when the battery is cycled. In testing battery elec- 
trolyte it is customary to use silver nitrate as an indicator for the 
presence of chlorine, but for total chlorine including both chlorides 
and perchlorates the Volhard test is necessary. Crennell and Mil- 
ligan^s made a study of the effect of chlorine as an impurity in 
storage batteries and found that it produced loss of capacity of both 
plates, rather more at the positive plates. The sludge was light- 
colored when chlorine was present. They did not detect the presence 
of perchlorates. In the same paper they reported that sodium ion 
was negligible in concentrations up to 1 per cent, but there is some 
evidence that it caused treeing. Salt water in a battery causes dis- 
charge with the formation of lead sulfate, sodium sulfate, and chlorine 
gas. 

Shelley and Brownes reported that chlorine has a selective dis- 

27 W. D. Collins, W. L. Lamar, and E. W. Lohr, loc. cit. 

28 J. T. Crennell and A. G. Milligan, Effect of chlorine as an impurity, Trans. 
Faraday Soc., 25, 159 (1929). 

28 R. L. Shelley and 0. W. Brown. Chlorine in the lead storage battery, Proc. 
Indiana Acad. Set., 4^, 123 (1933). 
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solving action on antimony of the positive grid. The antimony freed 
in this process deposits on the negative plates with well-known effects. 
Chlorine bleaches separators on the side next to the positive plates and 
shortens their life. 

The Triad y Iron, Cobalt, and Nickel. The effects of iron in storage 
batteries have been discussed at some length previously, page 147. It 
affects both positive and negative plates. Cobalt reduces the polari- 
zation of the positive plates, lowering the required charging voltage, 
but it has a destructive effect on the separators. Nickel, on the other 
hand, reduces the polarization of the negative plates, without apparent 
harm to the separators. Nickel has been added to the battery elec- 
trolyte in some instances for the express purpose of lowering the 
required charging potential. Details of these effects are in a paper 
by Vinal, Craig, and Snyder. 

Ammonia. Ammonia may be present in the electrolyte as a result 
of absorption of ammonia gas by the electrolyte, or it may come from 
the use of ammonium sulfate in preparing the paste for pasted plates, 
or from the reduction of nitric acid. It exerts some forming action on 
the positive plate and has been said to be a cause of self discharge of 
both positive and negative plates. Tests have shown, however, that 
ammonia may be present in the electrolyte to the extent of even 50 
parts in 100,000 without the battery^s losing more than 8 per cent in 
capacity while standing during a period of 4 weeks after full charge. 

Combinations of Impurities. Kugel^i found that combinations of 
impurities such as tungsten and copper produced local action at the 
negative plates exceeding the effects of either of these materials singly. 
He advanced the theory that the polarization of the copper is decreased 
by the presence of the tungsten. Scarpa ^ given a similar ex- 
planation, that the presence of the tungsten lowers the overvoltage, 
permitting the liberation of hydrogen on the surface of the copper. In 
either instance the local currents between the lead and the copper 
would be increased. Tungsten is an unusual impurity but furnishes 
an interesting example, as shown in Fig. 54. The more recent work 
of Vinal and Schramm has revealed other combinations more likely 
to occur that result in the rapid discharge of the negative plates. 

G. W. Vinal, D. N. Craig, and C. L. Snyder, Note on the effect of cobalt and 
nickel in storage batteries, J. Research Natl. Bur. Standards, 25, 417 (1940). 

81 A. M. Kugel, Ober die Selbstentladung negativer Akkumulatorplatten, Elek- 
trotech. Z., 13, 8 and 19 (1892). 

82 0. Scarpa, Function of barium sulfate in accumulators, Eletirotecnica, 6, 371 
(1918), and 6, 176 (1919). 

15 Loc. dt. 
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Table 31. Local Action Produced by Combinations of Impurities 
Affecting the Negative Plates 

(Each experiment was started with the first named impurity, and then copper 
was added at the time shown.) 


Combination 

Material 

Added 

Per- 
centage 
of Im- 
purity 

Time of 
Adding 
Cu, 
hr 



Time, 

hr 




50 

100 

200 

300 

400 

500 

None (Control 

experimen 

its) 


0.69 

1.44 

2 68 

3 

.87 

5.03 

6.08 

f Tungsten 

1 Copper 

WO3 

CUSO 4 

0.003 

0.05 

246 

1.1 

2.4 

5.4 

23 

1 

25.6 

26.7 

1 Mercury 
(Copper 

Hg2S04 

CUS 04 

0.01 

0.05 

145 

0.8 

1.7 

31.6 

31 

8 

31.0 

31.2 

f Molybdenum 
\ Copper 

M003 

CUS 04 

0 01 
0.05 

145 

1.1 

2.0 

30 5 



32 4 

40.0 

/Zinc 

(Copper 

ZnO 

CuS ()4 

0.01 

0.05 

145 

1.2 

1 6 

1 

24 0 

33 

7 

33.2 


f Arsenic 
( Copper 

AS203 

CUS04 

0 001 
0.05 

145 

1.0 

2 0 

23.2 

25 

8 

28.0 

29.2 

f Antimony 
( Copper 

st)2 (804)3! 

CuS()4 

0 001 
0.05 

145 

3.6 

8 8 

28 0 

38 

5 

38.0 

36.0 


These combinations all include 
copper as one constituent, the 
others being mercury, molybde- 
num, zinc, arsenic, and anti- 
mony, for which the detailed 
results are given in Table 31. 
The harmful effect of copper in 
a battery, therefore, depends 
more on the combinations with 
other impurities than on the 
effect produced by the copper 
alone. 

Some local action is produced 
by the gases, oxygen and hydro- 
gen, which are produced when 
the cells are on charge. The 
oxygen oxidizes the active mate- 
rials of the negative plate, and 
the hydrogen reduces some of the lead dioxide of the positive plate. 
The extent of the reaction caused by these gases, when the electrolyte 
is saturated with them at the end of a charge, is small compared with 
the total capacity of the battery, but it probably accounts in part at 



Fig. 54. Effect of a combination of cop- 
per and tungsten on negative plates. 
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least for the fact that the most rapid rate of loss of charge is observed 
immediately after the charging period. 

The Reduction of Sulfation 

Frequent attempts have been made to reduce the sulfating action 
of sulfuric acid on the plates of storage batteries by the addition of 
various substances. Chief among these has been sodium sulfate, 
which is frequently sold under the name of Glauber salts. Schoop,^^ 
as far back as 1895, expressed the opinion that the use of sodium sul- 
fate in the electrolyte was not beneficial. Its use appears to have orig- 
inated with some experiments made in England by Preece. Neither 
is sodium sulfate a satisfactory substance for the removal of the sul- 
fation from the plates. For this purpose Schoop suggested the use of 
sodium bisulfatc, NaHS 04 , in place of the acid solution. When this 
is used, the acid electrolyte is poured out from the battery before the 
sodium bisulfate solution is added. It has been found possible to 
simplify the treatment for the removal of sulfation by merely pouring 
out the acid electrolyte and filling the cells with water. Lead sulfate 
is more soluble in water than in solutions of sulfuric acid as shown 
in Table 36. The cells are then put on charge at a low rate, provided 
they do not gas excessively, or at a current density that will maintain 
the voltage at the terminals of the cell at 2.3 volts, or less. A long 
time may elapse before a rise in specific gravity of the electrolyte is 
noted, but this should not be construed to mean that the battery is 
‘‘not taking charge.” Although the water treatment may not be the 
best in all cases, it has been found satisfactory, particularly for bat- 
teries of the starting and lighting type. Excessive sulfation and the 
water treatment are further discussed in Chapter 6. 

Solid Electrolytes 

Various attempts have been made to solidify the electrolyte in stor- 
age cells in order to eliminate spilling, and for other reasons. Mate- 
rials that have been used in the past for making the electrolyte viscous 
have included albumen, starch, burnt clay, pumice, cellulose, soap, 
fatty acids, plaster of Paris, asbestos, sand, water glass, and fuller's 
earth. Of these various substances, water glass is perhaps the most 
suitable. The solidification of the electrolyte is brought about by the 
formation of silicic acid. The ratio of sodium oxide, Na20, to silica, 
Si 02 , varies somewhat, and the commercial silicate contains more silica 
than is indicated by the formula, Na 2 Si 03 . The reaction for the sili- 

33 “Die Sekundar Elemente/^ Encyklopddie der Elektrochemie, IV, Part 2, 
p. 133, Wilhelm Knapp, Halle, 1895. 
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cate and sulfuric acid may be represented by the following formula: 
Na 2 Si 03 4- a^HoO -h H 2 SO 4 — >Si02* (x -h 1 ) H 2 O 4" Na 2 S 04 

It is necessary that both the acid and the water glass should be pure. 
Chlorides are perhaps the most common impurity occurring in the 
water glass. The time of setting before solidification takes place, and 
the stiffness of the jelly afterwards, are regulated by the proportions 



Fig. 55. Preparation of jelly electrolytes from solutions of sulfuric acid and 

water glass. 

of the acid and the water glass. When thickening of the mixture 
begins, the final setting process occurs within a very few minutes. 
This mixture represents an interesting time reaction. If the mixture 
is made from dilute solutions, as, for example, sulfuric acid of specific 
gravity 1.275 and water glass of specific gravity 1.210, the greater the 
percentage of water glass in proportion to the acid, the more quickly 
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the jelly sets and the more solid it becomes. The hard jellies are 
resonant. 

It is possible to prepare the jelly as a clear, translucent, bluish mass 
which varies in consistency from a thick liquid to a fairly hard, reso- 
nant solid. The time of setting for various combinations is shown in 
Fig. 55. The curves are numbered from 1 to 11 and represent different 
proportions of the water glass and acid solutions measured by volume. 
These are as follows: 

Curve 1, 5 parts 1.275 acid to 1 part of water glass 
Curve 2, 4 parts 1.275 acid to 1 part of water glass 
Curve 3, 3 parts 1.275 acid to 1 part of water glass 
Curve 4, 2 parts 1.275 acid to 1 part of water glass 

Curve 5, 5 parts 1.400 acid to 1 part of water glass 
Curve 6, 4 parts 1.400 acid to 1 part of water glass 
Curve 7, 3 parts 1.400 acid to 1 part of water glass 
Curve 8, 2 parts 1.400 acid to 1 part of water glass 

Curve 9, 1 part 1.84 acid to 4 parts of water glass 
Curve 10, 1 part 1.84 acid to 3 parts of water glass 
Curve 11,1 part 1.84 acid to 2 parts of water glass 

Batteries containing jelly electrolytes do not have as good electrical 
properties as those with the ordinary electrolyte. The internal resist- 
ance is higher and the capacity lower. They do not last well in service. 

BATTERY ADDITIVES 

Preparations in liquid and solid form sold to the public for rejuvenat- 
ing worn-out, sulfated, or so-called “dead^^ batteries are frequently 
called battery additives. Since 1915 several hundred of these prepara- 
tions have appeared with claims, more or less typical, that they extend 
battery life, reduce effects of sulfation, reduce operating temperatures, 
and some even claim to charge the batteries. A restriction is usually 
made that the batteries to be treated must be in sound mechanical 
condition. Beneficial results are also alleged if new or rebuilt batteries 
are similarly treated. 

The most common additives consist of mixtures of sodium and mag- 
nesium sulfates in various states of hydration. These are added in 
small amounts to the acid electrolyte in each cell. Traces of other 
elements are often present as impurities in the major components or 
mixed with them. 

Abundant test data are available to show that the performance of 
batteries treated with such materials is not significantly different from 
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that of control batteries subjected to the same tests. The selection of 
batteries for test and the control batteries for comparison with them 
requires careful attention. Tests must be skillfully made according 
to well-recognized engineering principles, Simultaneous control 
tests are obligatory. 

The ineffectiveness of small quantities of sodium hydrate, carbonate, 
or sulfate added to the usual sulfuric acid electrolyte was known to 
authorities more than fifty years ago. Wade,®^ in his well-known 
book published in 1902, said: 

Not only is it [the use of such material] supposed to hasten and make more 
perfect the recovery of badly sulfated cells, but it is sometimes said to retard 
sulfation in the first instance. Battery makers, however, seldom recommend 
its employment, and the opinion of many who have tried it is that it makes no 
difference whatever (this has been the Author’s [i.e., Wade’s] experience), nor 
are the specific examples of its success which have been put forward such as to 
carry much conviction. It would appear, therefore, that its effects, if any, 
are only felt under certain conditions which yet remain to be investigated. 

The investigation which Wade foresaw as necessary to settle the 
controversial issues has now been made on a high level as a result of 
recent disputes. The Secretary of Commerce in 1953 requested the Na- 
tional Academy of Science to appoint a committee to appraise the 
work of the National Bureau of Standards on a battery additive of the 
sodium and magnesium sulfate type. After an extended investigation 
the committee reported that the ^‘material is without merit, con- 
firming the Bureau’s previous conclusion. 

Other preparations have been essentially sulfates or phosphates of 
potassium, aluminum, ammonium, etc. In some additives, elements 
definitely known to be harmful to storage batteries have been found. 
These include copper, iron, nitrates, chlorides, etc. Various other 
elements in small amounts arc sometimes present accidentally, and 
these often vary from one sample to another. Trace elements are 
sometimes alleged to be beneficial, but this is not supported by authori- 
tative tests. A trace of manganese, for example, could be definitely 
harmful. 

Other liquids and solutions which were a more common type of 
additive some years ago included solutions of sulfuric acid, with or 
without the addition of sulfates, and coloring matter. Even ordinary 

33* Recognized tests are specified in the Standards of the Society of Automotive 
Engineers, p. 770 (1953), and in Federal Specification, Batteries: Storage, Vehic- 
ular, Ignition, Lighting, and Starting, W-B-131e (1953). 

34 E. J. Wade, Secondary Batteries, p. 337, published by the Electrician Print- 
ing and Publishing Co., London, 1902. (By permission.) 

Report of the Committee on Battery Additives of the National Academy of 
Sciences, National Research Council, Washington, Oct. 30, 1953. 
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water colored with a red dye was offered as a panacea for sulfated 
batteries. In principle its use was akin to the water treatment for 
sulfation mentioned in Chapter 6, but the price charged for the “water’^ 
was very high. 

PROPERTIES OF ALKALINE ELECTROLYTES 

The electrolyte for the alkaline storage batteries, in which the elec- 
trodes are nickel oxide and iron, is a solution of potassium hydroxide in 
water. To this solution, as used in the Edison batteries, is added a 
small amount of lithium hydroxide. The lithium hydroxide has a 
beneficial effect on the operation of the cells but is not necessary for 
the fundamental reactions that occur. The use of the lithium hydrox- 
ide is based on the results of experiment rather than on theoretical 
considerations. The lithia is considered essential for long life of the 
Edison battery, since a new battery without it has a falling life curve, 
but when the lithia is present the curve rises slowly for a considerable 
time before it begins to fall. 

The concentration and chemical composition of the alkaline elec- 
trolytes, considered as a whole, do not change during the periods of 
charge and discharge. The measurement of the specific gravity is, 
therefore, of less importance than for sulfuric acid electrolyte used in 
the lead batteries. Occasional measurements of the specific gravity 
should be made, however, because there is a gradual w(;akening of the 
electrolyte, accompanied by a decrease in capacity of the battery to 
the point at which renewal is required. 

The alkaline electrolytes for Edison cells are distinguished as “First- 
Fill Electrolyte,” “Refill Electrolyte,” and “Renewal Electrolyte.” 
The first is a 21 per cent solution of potassium hydroxide in water with 
50 grams of lithium hydroxide to the liter of solution. The second is 
also a 21 per cent solution of potassium hydroxide with x grams'^ ^ of 
lithium hydroxide. The last is a 25 per cent solution of potassium 
hydroxide with 15 grams of lithium hydroxide per liter. The uses of 
the.se solutions are indicated, in a general way, by their names. The 
initial filling of the cells at the factory is done with the “First-Fill 
Electrolyte,” with extra dry lithium hydroxide added according to the 
type of cell, to provide the correct amount per unit of the positive 
active material. The second kind of electrolyte is used mostly for 
export batteries, which after formation are shipped dry. The Refill 
electrolyte is also used to replace losses caused by spillage, or when it 
is necessary to replace the electrolyte because of impurities. The third 
or “Renewal” electrolyte is used when the previous solution has reached 

3® The amount of lithia is made approximately equal to the quantity found 
after formation in the original electrolyte. 
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the low limit of specific gravity. It is more concentrated than the 
first-fill, in order to compensate for the dilution caused by the old elec- 
trolyte held in the pores of the plates. 

Before these electrolytes are placed in the cells, their normal specific 
gravities are as follows: 


Potassium Solutions, 

Sp. Gr. at 60° F 
First-fill electrolyte 1 . 228 to 1 . 230 

Refill electrolyte 1.212 to 1.216 

Renewal electrolyte 1 . 248 to 1 . 250 

The electrolyte for the nickel-iron batteries is shipped in steel con- 
tainers. The smaller amounts, up to 22 jiounds, are contained in cans 
similar to the containers for the cells. Larger amounts of 50 to 1100 
pounds arc shipped in steel drums. 

Rebates are usually allowed for the return of the drums and carboys 
when they are empty. 

When the electrolyte has decreased in the course of service to a 
specific gravity of 1.160, it should be renewed. In determining when 
this limiting value is reached, certain precautions must be taken. The 
electrolyte must be adjusted to the i)ropcr level and thoroughly mixed 
by giving the battery a full charge, and the sample taken must be 
free from gas bubbles at the time that the specific gravity is meas- 
ured. Correction must be made for temperature if the measurements 
are made at other than the standard tempi'rature of 60° F. Normally 
the electrolyte will require renewal two or three times during the useful 
life of the battery. A chemical analysis of the electrolyte or the water 
used for flushing the cells may sometimes be necessary. 

Sufficient renewal electrolyte should be procured when the results of 
careful measurements indicate that renewal is necessary. When it is 
available, the battery should be discharged at the normal rate to zero 
voltage and then short-circuited in groups of not more than 5 cells for 
2 hours. The old electrolyte is to be poured out while the battery is 
vigorously shaken to rinse the plates. It may be necessary to handle 
the cells separately, if they are large. Water should not be used for 
rinsing the plates. As each cell is emptied, the new electrolyte should 
be added immediately, and when all are filled the battery should be 
put on charge at the normal rate for 15 hours. During this operation 
observations of the temperature ought to be made at intervals, and if 
the battery should reach the limits set for normal operation (115° F) 
the charge should be interrupted until the battery has cooled. 

Potassium hydroxide is variously called potassium hydrate, caustic 
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potash, and potassa. It is a white solid substance which is very deli- 
quescent and easily soluble in water. It dissolves the skin and many 
other organic substances. Potassium hydroxide, both in the solid state 
and in solution, absorbs carbon dioxide from the air. It is necessary 
to protect the solution in the battery, by gas valves in the vent plugs, 
from contamination by carbon dioxide. These valves are designed to 
prevent the ingress of gas but to permit the ready escape of gas gener- 
ated within the cell. Potassium hydroxide may be prepared electro- 
lytically from potassium chloride. Lithium hydroxide is obtained in 
solution by the action of lime on a solution of lithium carbonate. The 
solution is colorless and is very caustic. Crystals of lithium hydrate 
contain only 54 per cent lithium hydroxide. 

Properties of Potassium Hydroxide Solutions 

The data given in Table 32 are for pure solutions of ])otassium 
hydroxide without the addition of the lithium hydroxide. The amount 
of lithium hydroxide added is relatively small, and the electrolytes are, 
therefore, represented sufficiently well by the properties of the pure 


Table 32. Properties op Potassium Hydroxide Solutions 


Per 

Cent 

Density 
15° C 
4°C 

Resistivity 

Viscosity 
18° C, 
centi- 
poises 

Freezing 

Point, 

°C 

Specific 

I leat, 
cal 

Grams 
ofKOH 
per Ml of 
Solution 

At 18° C 
ohni-cm 

Temper- 

ature 

Coefficient 

1 

1.008 




1.08 

- 1 

0 98 

0 0101 

5 

1.045 

5.40 

0 0186 

1.17 

- 3 

.92 

.0522 

10 

1.092 

3.20 

.0187 

1.30 

- 8 

.87 

.1092 

15 

1.140 

2.34 

.0190 

1.48 

-15 

.83 

.1710 

20 

1.188 

2.00 

.0196 

1.72 

-24 

.80 

.2376 

25 

1.239 

1.86 

.0206 

2.05 

-38 

.77 

.3097 

30 

1.290 

1.84 

.0220 

2.50 

-59 

.74 

.3870 

35 

1.344 

1.96 

.0240 



.71 

.4704 

40 

1.399 

2.20 

.0267 



.69 

.5596 

45 

1.456 

2.56 

.0298 




.6552 

50 

1.514 

— 





.7570 


solutions for which accurate information is available. The percentage 
composition is given for densities at 18° C, since most of the original 
material is given on this basis. To correct the observed results at any 
temperature to the standard temperature, 1 unit in the third decimal 
place is to be added for each 2 degrees Centigrade or 3 degrees Fahren- 
heit if the temperature is above the standard temperature, or sub- 
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tracted if below it. These corrections are approximately the same as 
for the acid electrolyte used in the lead batteries. 


Resistivity of Electrolyte 

The resistivity of the alkaline electrolyte varies with the concentra- 
tion, the temperature, and the amount of lithium hydroxide added to 
the solution. The electrical resistance depends on the resistivity, 
the length of the path, and the cross-sectional area through which the 
current flows, according to the equation R == p(iA), where R is the 
resistance, I the length, s the cross section, and p the resistivity. The 
unit of resistivity is the ohm-centimeter, which was explained in con- 
nection with the resistivity of sulfuric acid solutions on page 109. The 
resistivity of solutions of pure potassium hydroxide at 18°C (64.4°F) 
is given in Table 32. The resistivity of the solutions actually used is 
slightly higher than the figures given in the table, because of the addi- 
tion of the lithium hydroxide. The percentage increase in the re- 
sistivity of a 21 per cent solution of potassium hydroxide containing 
50 grams of lithium hydroxide per liter was determined by Turnock^'^ 
to be 21 per cent. Smaller amounts produce effects shown in Table 33. 


Table 33, Percentage Increase in Resistivity and Capacity Using 
21 Per Cent Solution of Potassium Hydroxide with Lithium Added 


Grams of Li OH, 
per Liter 
10 
20 
30 
40 
50 


Per Cent Increase 
in Resistivity 
7.1 

11.4 

15.4 
18 5 
21 0 


Per Cent Increase 
in Capacity 
5.1 

7.3 

9.3 
10.5 
12.0 


The addition of the lithium hydroxide increases the capacity of the 
cells, as stated on page 159, but it drives back the ionization of the 
potassium hydroxide according to the law of mass action and decreases 
the conductivity of the solution. By plotting the results given in 
Table 32, it will be seen that the shape of the resistivity-concentration 
curve for potassium electrolyte is somewhat similar to the resistivity 
curve for sulfuric acid. Minimum resistivity is attained at a concen- 
tration corresponding to a density of 1.270. 


Freezing Points 

The freezing points of potassium hydroxide solutions without lithium 
are given in Table 32. 

3'^L. C. Turnock, Effect of lithium upon the capacity of the Edison storage 
battery, Trans. Am. Electrochem. Soc., S2, 405 (1917). 
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Concentration Limitations 

As with lead batteries, there are rather definite limitations to the 
concentration of solutions that can be used successfully in the alkaline 
cells. Below 1.200 the resistivity begins to increase rapidly, which 
would impair the electric output. The cells tend to become sluggish 
in a weak solution and fail to give their rated capacity. For several 
reasons, therefore, the lower permissible limit of density has been set 
at 1.160 for Edison batteries. High concentrations, on the other hand, 
are also detrimental because of the increased solubility of the iron 
electrode which becomes noticeable at the higher temperatures. High 
concentrations, that is, above 1.270, result in increased resistivity. 
Aside from the matter of cost, therefore, the proper density of the 
})otassium hydroxide electrolyte is the result of compromise and is 
fixed within rather narrow limits. 

Effect of Impurities 

Carbonates formed in the electrolyte as a result of tlie absorption 
of carbon dioxide from the air or introduced in the water used for flush- 
ing the cells arc detrimental to the operating characteristics of the 
battery. Carbonates, when present, result in increasing the resistivity 
of the solution. The maximum permissible limit is usually stated to 
be 50 grams of carbonate per liter of electrolyte. The presence of car- 
bonates lias been assigned as one of the causes of sluggishness, but no 
quantitative data are available on this point. 

Acid radicals are detrimental to the positive jilates. It is quite 
obvious that the density or specific gravity of the alkaline solutions 
should not be measured with the same hydrometer that is used to 
measure acid solutions, unless it is washed entirely free from acid. 
Good practice requires a separate hydrometer for each kind of 
electrolyte. 

Metallic impurities more positive than iron would deposit on the 
active material of the negative plate and tend to produce local action. 
In that event the iron would be oxidized and hydrogen would be liber- 
ated at the surface of the impurity. The detrimental effects of these 
impurities are mitigated in many cases by several factors. If the over- 
voltage for hydrogen discharge at the surface of the impurity is in 
excess of the potential for the discharge of hydrogen on the iron itself, 
local action cannot occur. Many metals form insoluble hydroxides in 
the alkaline electrolytes, and these will not be effective in producing 
local action. 

Iron is very nearly insoluble in the electrolyte under normal operat- 
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ing conditions but may be present in the electrolyte if it is too concen- 
trated or at too high a temperature. Iron in the electrolyte affects the 
positive plate rcisulting in a loss of capacity. At high temperatures 
hydrogen may be produced as a result of a reaction between iron and 
the electrolyte. 

Modifications of the Electrolyte 

The principal modification of the potassium hydroxide solutions 
used in alkaline batteries is the addition of lithium hydroxide, men- 
tioned above, for use in Edison batteries. Vail^® mentions efforts to 
make the electrolyte unspillablc. A viscous mixture of sodium meta- 
silicate and sodium hydroxide was used. This should not be confused 
with the formation of a gel sometimes employed in lead-acid batteries. 
In any kind of battery, whether of the lead-acid or alkaline type, the 
diffusion of the electrolyte is an important factor. It is hardly to be 
expected, therefore, that the batteries could operate as satisfactorily 
with a viscous or solid electrolyte as with the ordinary solutions. 

Alkaline Electrolyte for Nickel-Cadmium Batteries 

A solution of caustic potash in distilled water having a specific 
gravity of 1.210 is normal. This is without the addition of lithium 
hydroxide specified for use in Edison cells. During charge and dis- 
charge there is no appreciable change in density of the solution, but a 
gradual change occurs over a long period of time, and change to fresh 
electrolyte is indicated when the specific gravity has fallen to 1.190 as 
the lower limit for good operation. The change becomes mandatory 
at 1.170. To make the renewal, discharge the cells at the 7-hour rate 
to a voltage of 0.5 volt per cell and empty out the electrolyte, imme- 
diately refilling with “RenewaF^ electrolyte of 1.250 sp. gr., and charge 
at the 14-hour rate. ^'RefilF' electrolyte of 1.225 sp. gr. is used to 
replace spillage or to fill cells in the dry condition for export. For the 
last, the cells should stand 24 hours after filling before charging at the 
7-hour rate for a period of 14 hours. 

Specific-gravity measurements should be referred to the normal 
state: f inch above plates at 72° F. To make corrections, add 0.005 to 
the specific gravity reading for every ^ inch above tops of plates and 
0.001 for every 4° F above 72° F (subtract if below 72° F). 

Opinions differ as to how much carbonate is permissible in the 
electrolyte, but this may depend in part on the conditions of service. 
Some place the limit at 30 grams per liter of solution while others may 

38 J, G. Vail, Soluble Silicates in Industry, p. 140, Chemical Catalog Co., New 
York, 1928. 
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permit as high as 90 grams per liter in batteries operated at currents 
not above the normal rate. HaueF^ has found, as a result of single- 
electrode measurements, that the detrimental effects of carbonates ai’i* 
at the negative plates whereas the positives arc unaffected. She con- 
cludes, therefore, that poorly conducting layers of CdCO^ form over 
the active materials of the negative plates and produce the sluggishness 
characteristic of cells containing excess carbonates. 

BIBLIOGRAPHY 

Lunge, Manujacture oj Acids and Alkalis, Gurney and Jackson, London, 1923. 
Martin and Foucar, Sulphuric Acid and Sulphur Products, Appleton and Co., 
New York* 1916. 

Sullivan, Sulphuric Acid Handbook, McGraw-Hill Book Co., New York, 1918. 

De Wolf and Larison, American Sulphuric Acid Practice, McGraw-Hill Book Co., 
New York, 1921. 

“Domke’s Tables for Sulphuric Acid,” TFiss. Ahh. Normal Eichungs Korn., 6, 
Julius Springer, Berlin, 1904. 

Partington, The Alkali Industry, Van Nostrand, New York, 1919. 

“Testing of Hydrometers,” Natl Bur. Standards, (lire. 16. 

“Standard Density and Volumetric Tables,” Nail Bur. Standards, Circ. 19. 
“Standard Baume Hydrometer Scale,” Nail Bur. Standards, Circ. 59. 

Wells and Fogg, “Manufacture of Sulphuric Acid in the United States,” Bur. 
Mines, Bull 184. 

Fairlie, Sulphuric Acid Manujacture, Reinhold Publishing Corp., 1936. 

'"^OAnna P. Hauel, The cadmium-nickel storage battery, Trans. Electrochem. 
Soc., 76, 435 (1939). 



4 


Theory of Reactions, Energy Transformation, 

and Voltage 

ELEMENTARY THEORY OF ELECTRIC CELLS 

Tlie simplest form of cell may be made of a strip of copper and one 
of zinc immersed in water acidulated with sulfuric acid. If the zinc 
is sufficiently pure to be free from local action, there will be no visible 
effect until the zinc and copper are connected by a wire. The strips 
are, however, at different potentials with respect to each other, and 
when they are connected by a wire a current of electricity will flow in 
the wire. As this action progresses the strip of zinc will pass into solu- 
tion and bubbles of gas will form at the copper electrode and collect on 
its surface. This gas is hydrogen which is formed from the electrolyte. 
The electric current flows from the copper strip through the wire to 
the zinc strip and from the zinc strip through the electrolyte to the 
copper. 

As the action of this cell progresses, the sulfuric acid of the elec- 
trolyte is gradually replaced by zinc sulfate which is formed at the 
dissolving zinc electrode. This diminishes the voltage of the cell. A 
decrease is caused also by the collection of gas bubbles on the copper. 
Both effects produce ‘^polarization.^^ Such a cell is of little practical 
importance. 

The Daniell cell, devised in 1836, is a modification of the foregoing 
and possesses important advantages since it eliminates the decrease in 
voltage caused by polarization. This cell consists of a strip of copper 
immersed in a solution of copper sulfate and a zinc strip in a solution 
of zinc sulfate, the two liquids being separated by a porous diaphragm 
to prevent mixing. As the action of this cell progresses the zinc elec- 
trode dissolves, forming more zinc sulfate, and the copper electrode is 
increased by the deposition of copper from the electrolyte. The 
Daniell cell will be referred to in the pages that follow, because it is 
useful in explaining parts of the theory. 

Ions and Electrons 

The current is transported through the electrolyte by particles of 
molecular size that carry electric charges. These are called ^'ions,’^ 
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a term that was originated by Faraday well over a hundred years ago. 
The ions are formed from the electrodes or from the substance that is 
dissolved in water to make the electrolyte. When zinc sulfate, for 
example, is dissolved in water, a spontaneous decomposition of a cer- 
tain proportion of the zinc sulfate molecules takes places. The prod- 
ucts are zinc ions and sulfate ions. This process is called '‘electrolytic 
dissociation.’^ The zinc sulfate in the molecular state is electrically 
neutral, but as the molecules dissociate, positive and negative charges 
in equivalent amounts appear on the ions. In general, the metallic 
ions and hydrogen ions carry the positive charges; the non-metallic 
elements and radicals carry the negative charges. The sign of the 
charges has been ascertained by the direction in which the various ions 
move when between electrodes of opposite polarity, as in a simple 
electrolytic cell. 

The electron is conceived to be a discrete and definite charge of 
negative electricity. One or more electrons surrounding a nucleus of 
ecpiivalcnt positive charge are a part of each atom. The electrons are 
thought to be in shells at definite energy levels. Those in the outer 
shell play an important part in electrochemical processes. As long as 
an element has its normal number of electrons it is electrically neutral, 
but if it loses one or more electrons it becomes ionized, charged posi- 
tively. Other elements may take on one or more electrons and become 
negatively charged ions. The alkali metals are characterized by a 
single electron in the outermost energy level. This is easily removed 
and ions formed. The reaction is monovalent. Zinc and cadmium, for 
example, have 2 electrons in the outer shell. Losing these, they become 
ions with 2 positive charges. The reaction is divalent. Quite dif- 
ferently, the halogens have 7 valence electrons in their outer shell. 
None of these are easily lost; rather than such a reaction they take 
on an electron, becoming ions with a negative charge. The charges 
carried by all ions are simple multiples of a unit charge. 

We may write an equation for the ionization of such a substance as 
zinc sulfate, as follows: 

ZnS04 ^ Zn++ + SOr 

The metallic ion, Zn++, differs from the zinc atom both physically and 
chemically. Compared with an atom, it lacks 2 electrons; it is in 
solution; it moves under the influence of a potential gradient; and, 
finally, it has a marked tendency to attract and combine with oppo- 
sitely charged ions. Probably the ions of opposite charges are combin- 
ing and being formed continuously, but the proportion present at any 
time is determined by equilibrium conditions. 

Ions of the same kind are identical in their properties. No differ- 
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ence is observable between the zinc ions formed from a zinc electrode 
and those formed by the dissociation of zinc sulfate. All the hydrogen 
ions in a storage battery behave in the same way, irrespective of 
whether they came from dissociated molecules of water or sulfuric 
acid. The same is true of the lead ions, which can be derived from the 
lead sulfate or from the negative plate. 

The motion of an electric charge constitutes an electric current. 
The motion of an ion in the electrolyte, or of an electron in a wire, is 
a transfer of a definite amount of electricity from one point to another. 
The actual amount of electricity transported by a single electron or a 
monovalent ion is very small. Its value has been found to be 

1.60186 X 10“^^ coulomb 

The number of ions required to transport 1 ampere flowing for 1 
second (1 coulomb) is, therefore, enormously great. It is preferable 
to deal in magnitudes more easily comprehended. As a unit there has 
been chosen the aggregate charge carried by a number of ions equal in 
weight to the number of grams representing the atomic or molecular 
weight of the ion, which for convenience is designated as a ^‘gram-ion. 
If the ion in question is monovalent, the total charge in round numbers 
is 96,500 coulombs; if divalent, the charge is twice this amount, and so 
on. This is further discussed under Faraday’s law on page 173. 

In a storage battery there are many kinds of ions present to carry 
the current. The sulfuric acid dissociates by two steps into hydrogen 
ions H+ and sulfate ions S 04 =, there being more of the hydrogen ions. 
There may be also ions of the composition HS 04 ~ from the initial step 
in the dissociation jirocess. The water present contributes hydrogen 
ions, H+, and hydroxyl ions, OH“. A few lead ions, including both 
the divalent and the tetravalent states, are present. These are Pb+ + 
and Pb+ + ++. According to some theories, there are also lead dioxide 
ions, Pb02~. The lead and lead dioxide ions are relatively unim- 
portant in carrying the current because there are few of them, but they 
are of great importance in fixing the potential differences between the 
plates and the electrolytes. 

Potential Differences 

When a strip of zinc is immersed in a solution of zinc sulfate, as in 
the Daniell cell, zinc ions carrying positive charges are thrown into the 
solution. The strip of zinc becomes negatively charged because of an 
excess of electrons that remain after the departure of the positively 
charged ions from its surface. This reaction cannot continue indefi- 
nitely, since the positive charges of the ions in solution repel the 
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positively charged ions leaving the surface of the zinc. The latter are 
also held back by the attraction of the negatively charged zinc strip. 
The magnitude of the charges on the strip of zinc and of the surround- 
ing electrolyte increases as more and more zinc 
ions are formed, until a state of equilibrium is 
eventually reached when the solution pressure of 
the metal is balanced by the electrostatic forces. 
This prevents the further formation of zinc ions. 
Figure 56 shows diagrammatically the double 
layer of charges. The ions that pass into the 
Fig. 56. Zinc in a solution from the strip of zinc increase the os- 
solution of zinc sul- motic pressure of the zinc ions that were formed 

fate becomes nog- 2 ;inc sulfate when it was dissolved in the 

Mtively charged. 

water. 

The copper electrode of the Daniell cell is immersed in a solution of 
copper sulfate. The solution pressure of the copper is very small as 
compared with the osmotic pressure of the copper 
ions in the electrolyte. The result is a deposi- 
tion of copper ions upon the surface of the strip of 
copper. When these ions are deposited their de- 
ficiency in electrons is imparted to the copper elec- 
trode. The electrode thereby acquires a positive 
charge, and the solution becomes negatively charged 
because of the excess of negative ions that remain. 

A double layer is again formed, as shown in Fig. 57. 

The equilibrium condition is reached when the elec- 
trostatic forces prevent the further deposition of 
copper ions on the electrode. 

The result of ])ractical importance that arises from the formation 
of the zinc ions at the zinc electrode and the deposition of copper ions 
at the copper electrode is the potential difference between the electrodes 
and the electrolyte. When the strip of zinc is immersed in a solution 
containing 1 gram-ionic weight of zinc ions, the electromotive force 
at the surface of contact between the solution and the zinc attains 
an equilibrium value of about 0.76 volt in a direction corresponding to 
the passage of current from the metal into the solution. The actual 
potential of the zinc with respect to the solution is negative. The 
copper, on the other hand, in a similar solution of copper ions, has a 
potential difference of 0.34 volt in a direction corresponding to the 
passage of the current from the solution to the metal. The copper is 
positive with respect to the splution. If a closed circuit between the 
zinc and the copper is formed, and at the same time the electrolytes 



Cu 


- 

+ + 

- 

- 

-f- + 

— 


+ + 

- 

- 


— 

CUS04 


Fig. 57. Coppi'r in 
a solution of cop- 
por sulfate be- 
comes positively 
(jharged. 



Zn 



- - 

+ 


- - 


+ 

- - 



- - 


ZnS04 



170 Storage Batteries 

are brought into contact through a porous diaphragm that will permit 
the passage of ions without allowing the two solutions to mix, a cell 
having a voltage equal to the algebraic difference of the potentials of 
the two electrodes with respect to the solution is formed. In the case 
of the Daniell cell, the combined voltage is 0.34 — (— 0.76) == 1.10 
volts, neglecting the small potential difference that exists at the surface 
of contact between the solutions. 

The polarity of the cell is defined by the polarity of the individual 
electrodes with respect to the electrolyte and, therefore, their potential 
relations to each other. In the Daniell cell the positive is the copper, 
although this is sometimes called the electronegative metal. In dealing 
with the storage battery, in which the current flows in opposite direc- 
tions when on charge and on discharge, there is further chance for con- 
fusion. Fortunately, however, the brown dioxide plates are so uni- 
versally called the positives, and the gray, metallic sponge-lead plates, 
the negatives, that this terminology may be considered fully standard- 
ized. When the storage cell discharges, the dioxide plate is the positive 
in the same sense as the copper electrode of the Daniell cell. 

The Electrochemical Series 

Lists of the elements arranged in the order of increasing potentials 
have been given by many authorities, but these differ somewhat both 
as to the order of the elements and the values assigned for their 
potentials. Single-electrode potentials are always measured in con- 
nection with some standard electrode. The hydrogen electrode is 
generally chosen as the standard, and its single potential is stated 
arbitrarily to be zero. Although the hydrogen electrode is the stand- 
ard, its use is not always convenient or possible. Other electrodes that 
are used with storage batteries are described in connection with the 
measurement of plate cai)acities in Chapter 5. 

A selected list of elements, with the approximate values of their 
potentials on the hydrogen scale, is given in Table 34. Metals fol- 
lowing lead, such as copper, silver, and platinum, are the elements that 
deposit on the negative plates of storage batteries; but the elements 
that precede it will not be deposited under ordinary circumstances. 
The position of the various elements with reference to lead has a bear- 
ing on the effects they produce when present as impurities in the elec- 
trolyte. This is discussed in Chapter 3. 

A more complete list of the elements, showing the probable order in 
the electrochemical series, is as follows: potassium, barium, strontium, 
calcium, sodium, magnesium, aluminum, manganese, zinc, iron, cad- 
mium, cobalt, nickel, tin, lead, hydrogen, antimony, bismuth, arsenic, 
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Table 34. Electrode Potentials 

(Calculated for electrochemical reactions of elements immersed in solutions 
containing 1 gram-ion per liter. The potentials are expressed as the potential 
of the electrode minus the potential of the solution.) 


Element 

Valence 

Potential in Volts 

Potassium 

1 

-2 92 

Calcium 

2 

-2 87 

Sodium 

1 

-2 71 

Magnesium 

2 

-2 37 

Manganese 

2 

-1 IS 

Zinc 

2 

-0 7() 

Iron 

2 

-0 44 

Cadmium 

2 

-0 40 

Nickel 

2 

-0 25 

Tin 

2 

-0.14 

Lead 

2 

-0.12 

Iron 

3 

-0 04 

Hydrogen 

1 

0.00 

Antimony 

3 

+0 10 

Copper 

2 

4-0 34 

Copper 

1 

-f 0 52 

Silver 

1 

4-0 SO 

Mercury 

2 

-hO SO 

Platinum 

2 

4-0 9S 

Gold 

3 

4-1 50 


cojiper, silver, mercury, palladium, platinum, gold, silicon, carbon, 
boron, chlorine, sulfur, oxygen. 

In using the list of elements, the order cannot be considered to hold 
true invariably. The order depends somewhat on the nature, concen- 
tration, and temperature of the solutions. Tsually any metal will 
displace from solution the others that follow, and it will be displaced 
by those that jirecede. Secondary reactions may interfere, however. 

The Flow of Current 

When the terminals of a cell are connected through an external 
circuit by a wire, the current that flows is proportional to the potential 
difference of the electrodes and inversely proportional to the resistance 
of the whole circuit, including the resistance of the battery as well as 
that of the external circuit. This is in accordance with Ohm s law. 

The Migration of Ions. Tlie flow of current is continuous through- 
out the entire circuit. The current in the wire is believed to consist of 
a stream of electrons flowing from the anode, negatively charged ^\ith 
respect to the solution, to the cathode. In the solution the current is 
carried by ions both positively and negatively charged, traveling in 



172 Storage Batteries 

opposite directions toward their respective electrodes. The positively 
charged ions, called ^‘cations,” move to the cathode which in the Daniell 
cell is the copper. The negatively charged ions, called the “anions, 
migrate to the anode. It is obvious that at the surface of the elec- 
trodes, where one form of conduction meets the other, exchanges of 
electrons between the electrodes and the ions in the solution must take 
place if the electric current is to flow continuously. The reactions that 
involve both the current-carrying ions and electrons on the one hand 
and the chemical composition of the electrodes and electrolyte on the 
other are called electrochemical reactions. 

Across any imaginary surface that may be drawn in the solution, 
the current is carried by the ions, each kind of ion carrying its propor- 
tionate share. The ions that are the most numerous and travel the 
fastest carry a greater amount than the others, but all take part. At 
the electrodes, however, the actual transfer of current from the solution 
to the electrode is usually through the medium of only one kind of ion. 

When a connection is made by a wure, a path is provided for the 
electrons to flow to the positively charged copper. The motion of the 
electrons is opposite to the direction in which the current is said to flow. 
The departure of the electrons from the zinc disturbs the state of 
equilibrium between it and the electrolyte, and more zinc ions are 
thrown into the solution. Coincident with this, additional electrons 
are liberated in the zinc, and they follow on through the wire after the 
others as long as the circuit remains closed. Two electrons, each with 
one negative charge, are freed, with the formation of each zinc ion. 
This process is represented by the ionic equation 

Zn — 2e Zn++ (1) 

The electrons, reaching the copper terminal after their passage 
through the wire, neutralize an equivalent number of positive charges, 
thereby disturbing the equilibrium of this electrode and permitting the 
further discharge of copper ions. Two electrons neutralize two positive 
charges and permit tlie deposit of one ion of copper, which gives up 
its charges. This fact is represented by the equation 


Cu++ + 2c = Cu (2) 

The zinc cations move toward the cathode, carrying their share of 
the current through the electrolyte. Probably most of them combine 
with the sulfate anions moving in the opposite direction to form zinc 
sulfate according to the equation 


Zn++ + SOr = ZnS04 


(3) 
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The relative motion of the electrons, anions, and cations is shown in 
Fig. 58. 

In the solution around the cathode there are several different kinds 
of ions carrying positive charges, and therefore several different reac- 
tions are possible. The transfer of positive charges is accomplished 
under ordinary circumstances, however, by the discharge of only one 
kind of ion. The factors that determine the preferential reaction are 
the relative electrolytic potentials and the relative concentrations of the 


Flow of Electrons 



Fig. 58. Relative flow of ions, ele(;trons, and the direction of the current in 

a Daniell cell. 

ions. When each electron of the stream of electrons moving from the 
anode to the cathode through the wire reaches the cathode, it reduces 
the positive potential of the cathode by a small amount, and ions hav- 
ing the highest equilibrium potential, deposit. In the case of the 
Daniell cell these are the copper ions, Cu++. 

The unequal speeds of the ions produce concentration differences in 
the region of the electrodes, which have an important effect upon the 
performance of a battery. In a storage battery this effect is in addi- 
tion to the actual consumption of the acid as it combines with the 
active materials of the plates when current is produced. 

Faraday’s Law of Electrolysis. In 1834 Faraday formulated his 
fundamental law of the relation between the amount of electrochemical 
action and the quantity of electricity passing through the cell. Many 
experiments since that time have proved the validity of this law, which 
is of the greatest importance in discussing the storage battery. 

The first part of Faraday's law states that the chemical effects pro- 
duced at the electrodes by the passage of an electric current are in 
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direct proportion to the magnitude of the current and the time that it 
flows, that is, to the quantity of electricity. Tins law establishes a 
relationship between the output of a battery and the amount of active 
materials that it contains. It therefore denies the possibility of draw- 
ing current from the battery indefinitely (perpetual motion), or of 
charging it by merely changing the solution. Not all the materials 
within a battery may be used for the production of electric current, 
because of practical limitations, but interesting comparisons on the 
basis of Faraday’s law may be made for the various types and kinds 
of batteries. 

The second part of Faraday’s law states that quantities of various 
substances, which arc liberated or consumed by the action of a given 
quantity of electricity, are in all cases proportional to the equivalent 
weights. This part of the law enables the experimenter to determine 
with exactness the amount of lead, or lead dioxide, or sulfuric acid 
that takes part in the reaction when a specified amount of electricity 
is passed through the cell. The quantity of electricity that liberates 
1 gram-equivalent weight is the same for all substances. It is equal ^ 
to 96,500 coulombs. This quantity has been named the ^Taraday,” 
and it is the fundamental constant of electrochemistry. Lead has an 
atomic weight of 207.21 and a valence of 2, whence the gram-equivalent 
weight of lead that takes part in the reactions when 1 faraday of elec- 
tricity is passed through the solution is 207.21/2 = 103.60 grams. 

THEORY OF THE LEAD-ACID CELLS 

A number of theories have been proposed to account for the reactions 
taking place in the lead-acid batteries. The controversies that have 
arisen over these theories have been acrimonious, but the so-called 
^^double-sulfate” theory, which will be described in detail, is now gen- 
erally accepted. 

The Double-Sulfate Theory 

The double-sulfate theory was first proposed by Gladstone and 
Tribe in 1882.2 Their theory met with violent opposition, but it has 
survived to the present day. They discovered that lead sulfate was 

1 G. W. Vinal and S. J. Bates, Comparison of the silver and iodine voltameters 
and the value of the faraday, Sci. Papers, Natl. Bur. Standards, 10, 425 (1914). 
The revised value, as of July 1, 1951, recommended for the Faraday constant by 
a subcommittee on Fundamental Constants of the Committee on Physical Chem- 
isty of the National Research Council, is 96,493.1 aV>solute coulombs per gram 
equivalent. The difference between this and the old value is immaterial for the 
present discussion. 

2 J. H. Gladstone and A. Tribe, Chemistry of the Plante and Faure accumula- 
tors, Nature, 25, 221 and 461; 26, 251, 342, and 602; 27, 583 (1882-1883). 
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formed at both plates as part of the process of discharge. They also 
discovered that the electrolyte became more dilute during the discharge, 
but Frankland^ is believed to have been the first to suggest utilizing 
the change in specific gravity to indicate the state of charge of the 
battery. 

The double-sulfate theory is most conveniently stated by the equa- 
tion for the reaction. 

Pb02 + Pb + 2 H 2 SO 4 2PbS04 + 2H2() (4) 

From left to right this equation represents discharge, and from right 
to left, charge. Tlie significance of the term “double sulfate” lies in 
the fact that lead sulfate is formed at both the positive and negative 
plates during the process of discharge. 

Proof of the theory rests (1) on the identification of the materials, 
(2) on the quantities of these involved in the reactions, and (3) on the 
thermodynamic relation of the electrical energy produced to the chem- 
ical energy of the chemical reactions. 

Gladstone and Tribe observed the formation of lead sulfate at the 
plates during discharge and its subsequent oxidation at positive plates 
and reduction at negative })lates during charge. IVIacInnes^ found 
that Pb 02 is the substance produced by anodic oxidation of lead, and 
that the oxide so formed has the same chemical composition and elec- 
trical potential as the active material of the positive plates. More 
recently Mazza*'* identified lead dioxide and lead sulfate in the battery 
by the use of X-rays with no indication of conflicting substances. He 
confirmed the double-sulfate theory. Barrett^' also used X-rays and 
found lead sulfate on both positive and negative plates. lie confirmed 
the double-sulfate theory. 

Sinn'^ made allowance for secondary reactions and then found the 
consumption of acid at the positive plate to agree with requirements 
of the double-sulfate theory to within less than 1 per cent. Cohen 
and Overdijkinks by a new and novel method confirmed the double- 
Frankland, Contribution to the chemistry of storage batteries, Proc. Roy. 
Soc. London, 35, 67 (1883). 

4 D. A. Macinnes and E. B. Townsend, An electrovolumetric method for load, 
J. Ind. Eng. Chem., 14, 421 (1922). 

®L. Mazza, Products formed during functioning of the lead accumulator, 
Atti reale accad. naz. Lined, 4t 215; 5, 117 and 688 (1926-1927). 

®C. S. Barrett, X-ray studies on lead-acid storage batteries, Indm. Eng, Chem., 
25, 297 (1933). 

Sinn, Reaction at positive plate of lead accumulator, Compt. rend., 200, 
1801 (1938). 

*E. Cohen and G. W. Overdijkink, Piezodynamic proof of Gladstone and 
Tribe’s theory of the mechanism of the lead storage battery, Proc. Acad. Sci. 
Amsterdam, 4^, 834 (1939). 
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sulfate theory and measured the volume change due to a passage of 
2 faradays. They determined the mole volume of the solids by X-rays. 
The pressure coefficient of electromotive force at 0° C was stated to 
be —3.07 X 10”^ volt per atmosphere. 

Denina and Ferrero® weighed positive plates before and after dis- 
charge and measured the amount of acid used. They, like the others, 
confirmed the double-sulfate theory at normal rates of discharge. 

Beck and Wynne-Jones^^ reexamined the evidence and concluded 
from their thermodynamic study that the double-sulfate theory cor- 
rectly represents the reactions taking place in the lead-acid battery. 

Many experiments have been made to determine the consumption 
of H2SO4 per faraday. Some of these have shown 2 equivalents of 
acid to be used per faraday, as required by the double-sulfate theory, 
but others have indicated smaller amounts, with the result that the 
validity of this theory has been questioned. One of the difficulties 
in making experiments of this kind lies in determining the amount of 
acid in the cell. The free electrolyte can be measured easily, but to 
this must be added the electrolyte in the pores of the plates and in 
the separators. The porosity of the plates changes during discharge 
and thus makes corrections uncertain. If the plates are washed or 
dried before the experiment, thei^ condition is not normal. 

A more accurate method of determining the amount of acid in the 
cell and the quantity of it taking part in the reaction was described 
by Vinal and Craig. Their method is called the “method of mix- 
tures. In principle it is based on the fact that, if to a solution of 
known concentration, but unknown weight, a carefully measured por- 
tion of water or another solution differing in concentration is added, 
and the concentration of the resulting mixture is determined, the exact 
weight of both the original and the final solution can be calculated. 
It is not necessary to dismantle the cell or to interfere with its opera- 
tion. This method enabled the authors to measure not only the 
equivalents of acid consumed but also the equivalents of water that 
are formed. 

The application of the method is illustrated by the following ex- 
ample. The mixture is made within the cell itself, care being taken 
to equalize the acid throughout the cell. Evidence of complete equal- 

® E. Denina and G. Ferrero, Gravimetric investigations of the lead storage 
battery, Z. Elektrochem., 1^5, 314 (1939). 

W. H. Beck and W. F. K. Wynne-Jones, Behavior of the lead dioxide elec- 
trode, Trans, Faraday &oc., 60, 136 (1954). 

G. W. Vinal and D. N. Craig, Chemical reactions in the lead storage battery, 
J, Research Natl. Bur. Standards, 14, 449 (1935). 
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ization of the acid is obtained when successive readings of electro- 
motive force and density are constant. The concentrations in the 
following example are expressed as w^eight fractions. 


Initial concentration of electrolyte 0 22783 

Acid added, concentration 0 . 59820 
Weight added 117.684 grams 


Concentration of resulting mixture 0 33447 

I.<et y equal weight of electrolyte after mixing 


- (0.59820 X 117.684) 
y- 117.684 


= 0 22783 


Whence 

Deduct for sample removed 
Net weight of electrolyte available 


y = 408.73 
60 66 

348.07 grams 


A similar method was used to determine the weight of electrolyte at the end 
of the discharge. 

The cell used in these experiments contained eleven small pasted plates. 
All the grids were pure lead, which reduced local action to a minimum. Each 
plate was provided with a long lug which extended through the cover, connec- 
tions being made outside the cell in order to provide the best insulation. 
Heginning with the eighth experiment the cell was kept under a sealed bell jar 
to prevent evaporation of water which amounted otherwise to about 0.5 gram 
per day. 


No preliminary assumptions regarding the correctness or applica- 
bility of any theory of chemical reactions in the battery arc necessary. 
The number of equivalents of acid consumed or water formed as a 
result of the cell discharging a measured number of coulombs was 
measured directly. Let w and w' represent the weight of electrolyte 
at the beginning and at the end of discharge, respectively; let v and q 
be the weight fractions similarly ; also, let c represent the coulombs of 
electricity discharged and F the value of the faraday. The equivalent 
weights of sulfuric acid and water are, respectively, 49.04 and 9.01 
grams. All these quantities are known or can be measured. The 
number of equivalents of acid consumed per faraday is equal to 


F (pw — qw') 
c 49.04 " 


(5a) 


The number of equivalents of water formed per faraday is equal to 


F (pw — qw') — (w — w') 
9.01 


(56) 


The experimental results as given by the authors in two tables have 
been combined into one, Table 35. 
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Table 35. Equivalents of Acid Consumed and Water Formed per 
Faraday during Discharge of the Lead Storage Battery 


l^xperi- 

ment 

Date 

Dia(!harge Data 

Percentage of 
Il2S()i 
(by Weight) 

Weight of 
Solution 

Equivalents 
per Faraday 



Time 

Coulombs 

Start 

Finish 

Start 

Finish 

H2SO4 

H‘.0 


1934 i 

Hours 




Grarns 

Grams 



1 

Mar. <J 

10 42 

45,252 

35.53 

24.82 


311 2 

2 04 


2 

Mar. 20 

7.81 

34,992 

36 60 

29 17 

358 77 

330 60 

I 96 

2 05 

3 

Mar. 27 

8.00 

35,833 

28 061 

18.933 

341.78 

307.65 

2 07 

1 06 

4 

Apr. 6 

8 83 

39,116 

30.885 

21.684 

358 71 

324 73 

2 03 

1 75 

5 

Apr. 13 

4.83 

31,232 

32 518 

25.607 

364 20 

337.88 

2.01 

1 92 

6 

Oct. 5 

10.60 

42,088 

28.21 

17 89 

355 33 

317 20 

2 03 

1 36 

7 

Oct. 17 

5 84 

23,130 

42.714 

38 246 


345 92 

2 02 


8a 

joct. 31 

f 5 03 

19,780 

20 951 

15 850 

347 73 

. 

2 03 


8b 

\ 5 80 

22,316 

15 850 

8 898 


284 98* 

2 01 


9 

Nov. 23 

5.75 

22,638 

41 24 

36 72 

360 85 

340 28 

2 07 

1 56 

10 

Nov. 30 

19 87 

44,173 

33 948 

23 584 

351 22 

315 14 

2 00 

2 14 

11 

Dec. 7 

6.73 

31,237 

33 447 

26 276 

348 07 

323 13 

1 99 

2 25 

12 

Doc. 27 

13 42 

38.152 

31 141 

22 298 

359 09 

326 87 

2 01 

1 89 






Mean of all 


2 02 

1 78 






Moan of last four 

2 02 

1 96 






Average dciviation 

±0 03 

±0 19 

L. 


* Between tin? two discJiargcH 18 62 grams of electrolyte' were* remioved for density 
determinations. 


It is apparent that 2 equivalents of acid are consumed per faraday 
and that 2 equivalents of water are formed at the same time. These 
are precisely the requirements of the double-sulfate theory. It is 
apparent also that the results given in Table 35 are independent of 
the concentration of the electrolyte, the extent of the discharge, and 
the rate of the discharge. No evidence of the formation of basic sul- 
fate was found, and no spontaneous change in the final products of 
the reaction was observed after the discharge was discontinued. The 
double-sulfate theory of Gladstone and Tribe is supported, therefore, 
to the exclusion of the other theories that have been proposed. 

Feryi^ published many papers in support of a theory that the active 
material of the positive plates is an oxide higher than the dioxide, but 
there is little, if any, support for this theory now. 

Thermodynamic transformations, which are discussed in later sec- 
tions, afford further proof of the double-sulfate theory. 

12 Ch. Fery, Theorio chimiquo et fonctionement phywque de J’accumuJateur au 
plomb. Rev. gen. elec., 1, 10 (1917) ; 19, 296 (1926). 
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Reactions at the Positive and Negative Plates 

Although the double-sulfate theory states that lead sulfate is formed 
at each plate during the discharge, and gives us an equation for calcu- 
lating the performance of the cell, it leaves us in the dark about the 
actual processes that go on at the positive and negative plates. It 
does not tell how the substances are formed, or explain their relation 
to the transfer of electricity through the cell. 


Orifirinal Materials Used 

Ionization Process 


Current Producing Process 


Final Products of Discharge 


Negative Plate 


Pb 


2 e + Pbti_ 

II ■ 


FbSOi 


Electrolyte 


2H^S04and 2H2O 

it- - 


so4~". sor^.m 


411,0 

Less am't. used 2H,0 
2 H 2 O 


Positive Plate 


}»b02 


40H ", Pb 
— J I 


Pb**- 2 © 

II 


PbSO* 


Fig. 59. Discharge reactions. 


Figure 59 is a diagram which shows in detail the probable processes 
that result in final products of discharge, according to the double- 
sulfate theory. At the negative plate the process is relatively simple; 
the solution pressure of lead causes it to throw lead ions into solution 
(see p. 169). These are in the divalent state, carrying 2 positive 
charges. Coincident with the departure of each of the positive lead 
ions from the surface of the electrode, the electrode itself acquires 2 
negative charges. The lead ions react with sulfate ions, which have 
charges of equal magnitude but opposite sign, forming lead sulfate. 
This is so nearly insoluble in the electrolyte that it immediately pre- 
cipitates out of the solution and is deposited on the electrode within 
space of molecular dimensions. 

Reactions occurring at the positive plate are not so well understood. 
They may be explained, however, in several ways. The tetravalent- 
ion theory, which seems the most probable, was proposed by I^eBlanc^*^ 

M. LeBlanc, Lehrhuch der Elektrochemie, 1st ed., W. Knapp, Halle, 1895. 
Tr. by W. R. Whitney, The Macmillan Co., New York, 1896. 
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many years ago. Lead dioxide, although insoluble in appreciable 
amounts in sulfuric acid under ordinary conditions, may pass into 
solution to a limited extent when the current flows. Small amounts 
of it, in combination with water, ionize into tetravalent lead ions and 
monovalent hydroxyl ions, according to the equation : 

PbOa + 2 H 2 O ^ Pbf0n)4 7=± Pb++++ + 40H- (6) 

The current-producing process is associated with potential differ- 
ences at the electrodes that depend, first, on the equilibrium potentials 
for the ionic reactions, and second, on the ionic concentrations. At 
the positive electrode the ionic reaction is 


Pb+-f++ + 2c Pb++ 

and for this the potential difference is about +1.75 volts.^^ Ioniza- 
tion of the electrolyte occurs substantially as follows: 


112804 + mof 

and 

HSO4 - 4 =^ 11 + + SO4” 

As a last step in the process of discharge, the combination of lead and 
sulfate ions takes place, with the formation of lead sulfate, which, 
being practically insoluble in the electrolyte, deposits as a solid sub- 
stance on the plates. This reaction is represented by equation (7) : 

Pb++ + S04'^;e±PbS()4 (7) 

These reactions are shown diagramatically in Fig. 59. It should 
be noted that 4 molecules of water are really formed for each 2 mole- 
cules of sulfuric acid consumed, but, as 2 molecules of water are used 
up at the same time, the net change is the production of 2 molecules 
of water, which is in accordance with the equation for the double- 
sulfate theory (4). 

The single potential of the positive plate is given by the equation: 


RT 

Ef = 1.75 + 


[Pb++++] 

lPb++] 


( 8 ) 


The concentrations of the ions inclosed in the brackets are small quan- 
tities for which no directly measured values are available. R in this 


Glasstone gives the value 1.75 volts for the normal plumbic-plumbous 
potential in his Physical chemistry of the oxides of lead, Part V, Electromotive 
behavior of lead dioxide, Tram, Chem. Soc,, 121, 1478 (1922). 
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equation is the gas constant, T the absolute temperature, and F the 
faraday. 

Similarly, the potential of the negative electrode is obtained. The 
reaction in this case is 

Pb - 2^! ^ Pb++ 

for which the equilibrium potential value (Table 34) is —0.12 and 
the single potential 

= -0.12 + 1^ log, [Pb++] (9) 


The electromotive force of the cell is the difference between these two 
single potentials and is given by the expression 

RT fPb++++l 

E = E,-E. = 1.75 + 0.12 + -- log, (10) 

Since J? = 8.32, T = 291^^, and F = 96,500, equation (10), after 
changing to common logarithms, becomes 


^ . 0.058 , lPb++++] 

£- 1.87 + - ^ - log — 


( 11 ) 


A more practical approach to normal battery operation is found 
in the well-known equations for these oxidation-reduction couples. 


PbOg 4- SOr + 4H+ + 2e~ = PbS 04 + 2 H 2 O E° = 4-1.685 volts (12) 

Pb 4- SOr = PbS04 + 2r = 4-0.356 (13) 

PbOa 4- 2804* 4- 411+ 4- Pb = 2PbS()4 4- 2H2() E° = 4-2.041 volts (14) 

The potentials are in volts referred to the hydrogen-hydrogen ion 

couple as the zero for unit activities and temperature 25° C. Adding 
the equations gives the reaction for the complete cell and a voltage 
approximating the observed electromotive force of a commercial cell. 

The charging process is shown diagrammatically in Fig. 60. Start- 
ing with the products of discharge, the lead sulfate at both electrodes 
passes into solution and ionizes. The water also is ionized as rapidly 
as equilibrium conditions permit. The divalent lead ions at the nega- 
tive plate, which is now the cathode, take up 2 electrons, neutralizing 
their charges, and then are deposited as lead in the solid state. The 
divalent lead ions at the positive plate or anode are forced by the 
cliarging current to give up 2 electrons, which changes them to the 
tetravalent state. Each of these ions may then unite with 2 oxygen 
ions, through an intermediate step, to form lead dioxide, which is 



182 


Storage Batteries 


deposited upon the plate. The sulfate ions formed at each plate unite 
with 2 hydrogen ions, with an intermediate step, forming sulfuric acid 
at each plate. 

Lead sulfate, which plays such an important role in the chemical 
reactions of the lead storage battery, is very sparingly soluble in the 
sulfuric acid electrolyte. The amount in solution under equilibrium 
conditions is so small that accurate measurements of it are difficult to 
make. This probably accounts for the meager data that have hitherto 


Final Products of Discharge 


Ionization Process 


Process Produced by Current 


Original Materials Kestorcd 


been available. Diphenylthiocarbazone, commonly called dithizone, 
has been introduced as a sensitive reagent for lead. This organic re- 
agent is sensitive to less than one-millionth of a gram of lead when 
used with a spectrophotometer or with a photronic cell and a suitable 
color screen. A dithizone solution in chloroform is normally green, but 
when in contact with an aqueous ammoniacal solution containing an 
excess of lead it becomes a bright cherry red. Craig and Vinal^^ have 
used this reagent to determine the solubility of lead sulfate in sulfuric 
acid solutions up to 50 per cent H2SO4. The solutions were stirred 
continuously for several days, after which the samples were drawn 
through fritted-glass filters and evaporated in quartz dishes. The lead 
sulfate residues, after evaporation, were taken up in nitric acid solu- 
tions and carried through a titration process with both aqueous and 
organic phases present. The results are contained in Table 36, which 
also includes a determination of the solubility of PbS04 water, taken 

D. N. Craig and G. W. Vinal, Solubility of lead sulfate in solutions of sulfuric 
acid determined by dithizone with a photronic cell, J. Research Natl. Bur. Stand- 
ards, 22, 55 (1939). 


Negative Plate 


Electrolyte 


Positive Plate 


PbS04 

-It- 


4II2O 


PbS04 


tl-— i-li 


Pb*^S04"” 


- 20 - 


2H ■^.40H ” .2H 
L 


Ib 


2H2O 

H2SO4 H2SO4 PbOi 


SOi'-.Pb-"-^ 
_J 


P ^-20 




Fig. 60. Charge reactions. 
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Table 36. Solubility op Lead Sulfate in 
Solutions of Sulfuric Acid 

Concentration of H 2 SO 4 Weight of PbS 04 per Liter 


Specific Gravity 


Per 

Molarity 

25° 

At 25° C, 

At0° C, 

Cent 

25° 

25° 

mg 

mg 

0.0 

0.00 

1 000 

45 0 

28 0 

0.5 

0.05 

1 003 

4 60 

2.06 

1.0 

0.10 

1 006 

4 91 

2.10 

5.0 

0.52 

1.033 

6.15 

2.46 

10.0 

1.08 

1.067 

6.68 

2.86 

15 0 

1.68 

1.102 

6.28 

2.63 

20.0 

2.32 

1.140 

5 18 

2.21 

25 0 

3 00 

1.179 

3.76 

1.76 

30.0 

3.72 

1.219 

2.75 

1.27 

35.0 

4.48 

1.260 

2.02 

0 84 

40.0 

5.30 

1 303 

1 52 

0 53 

45.0 

6.16 

1.348 

1.23 


50.0 

7.10 

1.395 

1.08 



from other sources. Lead sulfate is 10 times as soluble in water as 
in 0.5 per cent sulfuric acid. The effect of the acid in depressing the 
solubility is a good illustration of the common-ion effect, but the solu- 
bility increases again in stronger acid to a maximum at 10 per cent 
acid. At higher acid concentrations the solubility decreases again, 
probably as a result of changes in the equilibrium between the sulfate 
and bisulfate ions of the acid solution. 

ENERGY TRANSFORMATIONS 

A storage cell of any kind stores electrical energy by virtue of the 
chemical reactions taking place at the electrodes. Electrical energy 
is not stored as electrical energy, but as chemical energy. During the 
charging process the electrical energy is converted into chemical energy, 
and when the cell is discharged at a later time this chemical energy 
is reconverted into electrical energy. The law of the conservation of 
energy governs these transformations. The energy cannot be created 
from nothing, nor can it be annihilated; therefore, the electrical energy 
that the cell can supply bears a definite relation to the amount of 
chemical energy that it contains. We cannot determine the total 
amount of chemical energy of the cell, but it is possible to determine 
the change in chemical energy that occurs as the cell is charged or 
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discharged and, by relating this to the electrical measurements, the 
electrochemical theory of the storage cell may be developed. This 
theory includes the theory of the chemical reactions and the theory 
of the energy transformations. 

Chemical reactions in general are accompanied by the evolution or 
absorption of heat in varying amounts, depending on the nature of the 
reaction. The heat of reaction expresses the difference between the 
heat content of the reacting substances and that of the products of the 
reaction. If heat is liberated, the reaction is said to be ^'cxothermic,^^ 
but if heat is absorbed the reaction is ^^endothermic.’’ For each reac- 
tion the amount of heat liberated or absorbed per gram-molecule 
depends on the initial and final states and may be called the heat of 
reaction. 

The heat of reaction of the lead-acid storage cell as it would occur 
in a calorimeter depends on the heat of formation of each of the con- 
stituents. Basic data can be found in such books as the International 
Critical Tables, or in the more recently published book (1936) , Thermo- 
chemistry of Chemical Substances by Bichowsky and Rossini. In cal- 
culating the heat of the reaction thermochemically, we shall choose 
as a starting point a dilute solution of sulfuric acid, having the pro- 
portions of 1 mole of acid to 200 moles of water. The heats of for- 
mation of the various constituents are written beneath the respective 
symbols in the equation 

Pb 02 + 2(H2S04 + 2OOH2O) + Pb ; 2 PbS ()4 + 402H2O 

65,000 2 ( 211 , 500 ) 0 2 ( 218 , 500 ) 2 ( 68 , 370 ) 

The heats of formation are values at 18° C. From these numerical 
values the heat of reaction, Q, is 85,740 calories. To convert this to 
the equivalent at 25° C, at which temperature most of the electrical 
measurements have been made, a correction factor is computed on the 
basis of the heat capacities of all the constituents. This amounts to 
—45.4 calories per degree for the whole reaction as expressed by the 
equation. The heat of the reaction then becomes 85,420 calories at 
25° C. 

The solution is the variable factor, and values for the heat of reaction 
for other concentrations will differ by changes of the heat of formation 
of H2SO4 and H^O in the respective concentrations. Considered from 
a purely chemical point of view, the changes in the heat of formation 
of sulfuric acid solutions from one concentration to another vary by 
the amount of heat liberated as the solutions are diluted. Eventually 
a point is reached where no more heat is liberated and the solution is 
infinitely dilute and its volume infinitely great. The pressure is 



Theory of Reactions, Energy Transformation, Voltage 185 

assumed to be constant. Values of the relative apparent molal heat 
content at 25° C are given in Table 37.'® On the other hand, if we 


Table 37. Relative Apparent Molal Heat Content of 
Sulfuric Acid Solutions 
(Values are in kilogram calories.) 


Concentration of 




Solution 

Relative 

Relative Partial 



Aj)parent Molal 

Molal Heat Content* 

n, Moles 

Per Cent 

Heat Content 


_ 

H2O 

II2SO4 

H2SO4* 

112SO4 

H2O 

00 

0.00 

0 00 

0 000 

0 000 

25,600 

0.02 

1 54 

2 234 

0 000 

6,400 

0 08 

2.90 

3.725 

0.000 

1,600 

0 34 

4.04 

4 811 

-0 000 b 

400 

1.34 

5.02 

5 638 

-0 001 

200 

2 65 

5 41 

5.842 

-0 002 

100 

5 16 

5 62 

5.888 

-0 003 

50 

9 82 

5 78 

6.065 

-0 006 

25 

17.88 

6 07 

6 681 

-0 024 

15 

26.63 

6 55 

7 896 

-0 090 

10 

35.25 

7 30 

9 632 

-0 233 

5 

52 13 

9 45 

13 282 

-0 766 

3 

64.47 

11 66 

16 089 

-1.477 

1 

84.48 

16 72 

21 451 

-4.731 

0 

100 00 

23 54 

23 540 



* The convention as to algebraic signs of these (piantities retjuires some ex- 
planation. In this book a positive sign has been used to indicate that energy 
is liberated when the reaction, expressed by the thermochemical equation, is 
from left to right. In the paper'® referred to, from which Table 37 is taken, 
the opposite convention has been follow^ed. That is, a positive sign indicates 
an increase in heat content of the solutions. Values given in Table 37 should 
have the signs reversed for the computations given here. Since the symbol for 
the acid appears on the left side of the equation (page 184), a negative value 
would mean that the quantity should be added to the net value on the right 
side. The negative sign for the water, which appears in the table, becomes a 
positive sign, and since the symbol for water is on the right side of the equa- 
tion this is also added. Both acid and water, therefore, contribute to increase 
the heat of reaction for all concentrations above infinite dilution. 

start with a given solution and add a small quantity of the solute, the 
heat change per mole is the partial or differential heat effect. The 
relative partial molal heat contents are also given in Table 37. At 
infinite dilution these are zero and the heat of reaction in the cell is pre- 

'®D. N. Craig and G. W. Vinal, Thermodynamic properties of sulfuric acid 
solutions and their relation to the electromotive forcie and heat of reaction of the 
lead storage battery, J. Research Natl. Bur. Standards, 475 (1940). 
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cisely the same as the thermochemical or calorimetric heat of reaction. 

To calculate the heat of reaction for a state of infinite dilution of 
the sulfuric acid, we must deduct from the value above the relative 
apparent molal heat content for the solution H2SO4*200H2O. As 
shown in Table 37, this is 5.41 kilocalories or 5410 calories per mole. 
Two moles are involved, whence 85,420 — 10,820 = 74,600 calories as 
the heat of reaction at infinite dilution. This applies to either the 
thermometric or the battery reaction and is a convenient value from 
which to calculate the heat of reaction of a battery at any other con- 
centration of the solution. 

From a practical standpoint we wish to know the heat of reaction 
for the battery at finite and useful concentrations of the electrolyte. 
The discharge reaction involves the consumption of acid represented 
by a term on the left of the equation and the formation of water on 
the right side of the equation. With due regard for algebraic signs, 
the heat of reaction then equals the heat of reaction at infinite dilution, 
74,600 calories plus twice the sum of the relative partial molal heat 
contents of the acid and the water. The factor 2 comes from the use 
of 2 moles each of acid and water for each mole of lead dioxide. 

Table 38, which is also based on the work of Craig and Vinal,^^ 
gives in parallel columns the heat of reaction calculated from thermo- 
chemical data and from the best available electrical data. The two 
are entirely independent sources of information, but the agreement of 
the results is remarkable throughout the range of acid concentrations 
from 3 to 40 per cent. In the battery the calories, representing the 
heat of reaction, are one form of energy. If only heat energy were 
involved, this would mean that the battery w^ould become very hot, 
but this is obviously not the case. The cell may even cool during dis- 
charge. These apparently contradictory facts are reconciled by the 
knowledge that the change in energy of the reacting materials, which 
has been calculated as calorics, is transformed into electrical energy 
when the battery discharges. It does not appear as heat. 

The method of computing the values from electrochemical data will 
appear after a brief discussion of the thermodynamic relationships 
between electromotive force, temperature, and heat of reaction. 

ELECTROMOTIVE FORCE 
Relation of Electromotive Force to Temperature 

The Gibbs-Helmholtz Equation. The maximum useful work that 
the cell can deliver is the quantity of electricity (current X time) 
expressed in coulombs, multiplied by the electromotive force. This is 
sometimes called the free or available energy, to distinguish it from the 
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Table 38. Comparison of the Heats of Reaction of the Lead Storage 
Battery Calculated from Thermochemical and Electrochemical Data 





Heat of 

Heat of Reaction 

Concentration of Solutions 

Reaction 

at 25° C, 




at 25° C, 

Pllectrocheiuical 

n Moles of H 2 O 



Thermo- 

(Electrode 

to 1 Mole of 


Per Cent 

chemical, 

Measurements), 

H 2 SO 4 

Molality 

H 2 SO 4 

kg cal 

kg cal 

400 

0 1388 

1.34 

85 88 

85 65 

200 

0.2775 

2 65 

86 29 

86 24 

100 

0 5550 

5.16 

86 38 

86.23 

80 

0 6937 

6 37 

86 43 

86.43 

60 

0.9251 

8 32 

86 61 

86 62 

50 

1.110 

9 82 

86 74 

86 75 

40 

1 .388 

11.98 

87.02 

87 01 

30 

1.850 

15 36 

87.52 

87.58 

25 

2.220 

17.88 

88 01 

88 13 

20 

2.775 

21 40 

88 88 

89 12 

15 

3 700 

26,63 

90 57 

90 88 

12 

4 626 

31 20 

92 59 

92 68 

10 

5.550 

35.25 

94 33 

94.35 

8 

6.937 

40.49 

96 88 

96 85 


Average dilTerence ± 0.11 per ceni 


:otal enere-v as ronrosontod bv the heat of the r(‘{i(‘tioD. The available 
energy will be designated by W. 

By the first law of thermodynamics, the change in the total energy 
of cell Q, considered as a system, is equal to the sum of the external 
work W, done by the system, and the heat evolved, q. This is ex- 
pressed by the equation 

Q-W + q (15) 

The heat of the reaction, Q, is measured in calories. The calorie is 
also called the gram calorie. This unit of heat energy may be con- 
verted into its electrical equivalent of energy, by the following relation: 
1 calorie (20° C) == 4.1840 volt-coulombs. 

The available energy of the cell, IT, is naturally expressed in volt- 
coulombs. The quantity q will be positive or negative according as W 
is less or more than Q. In the case of the lead storage battery, W 
exceeds Q, and therefore q must be subtracted from W. The signifi- 
cance of this is that the cell has a tendency to cool on discharge, or 
must absorb heat from the surroundings if its temiierature is kept 
constant. 
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It is a well-known fact that the electromotive force of any kind of 
voltaic cell varies more or less with the temperature. The change in 
electromotive force per degree change in temperature for a lead-acid 
storage cell is so small that for practical purposes it may be neglected, 
but it is of importance from a theoretical point of view. Before 
attempting to determine the actual magnitude of the temperature 
coefficient, we shall derive, from theoretical considerations, the cele- 
brated Gibbs-Helmholtz equation, which shows the relation of the 
energy transformations, electromotive force, and temperature. It will 
then be possible to make comparisons of the observed quantities with 
those calculated from thermodynamic reasoning. 

Let it be assumed that a storage cell of the lead-acid type has an 
electromotive force oi E when the absolute temperature is T, and that 
the cell is in equilibrium with its surroundings. It is also assumed 
that a quantity of electricity, designated by e, may be passed through 
the cell either as a charge or discharge, and that the cell may be kept 

at a uniform temperature (isothermal 
process) or comi)letely insulated to pre- 
vpnt the transfer of heat (adiabatic proc- 
ess), as wc may desire. 

The following cyclic process is to be 
carried out: 

I. Let the initial state of the cell be 
described by the electromotive force E 
and the temperature T, at the point 
marked I on the diagram (Fig. 61). 
Then let a quantity of electricity, e, pass through the cell in the dis- 
charging direction while the temperature is held constant at T by 
furnishing a small amount of heat as required by the term q in the 
equation above. The current must be small during this process, so 
that irreversible heat effects due to the ohmic resistance of the cell 
may be neglected. The work, in volt-coulombs, done by the cell during 
this part of the cycle is TTi = Ee. 

11. When the quantity of electricity, e, has passed through the celh 
let the isothermal process be changed momentarily to adiabatic, during 
which time the temperature of the cell will fall by an infinitesimal 
amount 8Tj becoming T — bT. The electromotive force becomes 


Volta 




jn 




iv 


TTi 


Coulombs 

Fig. 61. Cyclic process. 


® - (i) "• (i) 


is the temperature coefficient when no 


current is flowing. 


E. Buckingham, Theory oj Thermodynamics, The Macmillan Co., New York, 
1900. A discussion directly applicable to this part of the theory is given on 
p. 139, ‘^Electromotive force of a reversible galvanic cell.” 
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III. Let the quantity of electricity, e, pass through the cell in the 
charging direction while the temperature is held at T — dT. The 
amount of work done on the cell during this process is 

-r, . [e - (g) ar}. 

IV. When the quantity of electricity, e, has passed through the cell, 
let the isothermal process be changed to adiabatic while the temperature 
of the cell increases by the amount 6T, which restores the cell to its 
original temperature. The total external work done by the cell during 
the cycle is 

W,-W,= Ec - 57’] c = r ST = Sq 

The adiabatic processes are infinitesimal in length and are negligible. 

Considering, for a moment, the cell as a purely chemical apparatus, 
we shall suppose chemical reactions to take place in amount and direc- 
tion equivalent to the discharge of 1 coulomb. The heat of this re- 
action is to be measured in volt-coulombs and designated by Q\ For 
a discharge equivalent to e coulombs, the heat of the reaction will be 
Q'e. The electrical energy of the corresponding reactions at tempera- 
ture T is equal to Ee. The difference in these two quantities gives at 
once the amount of heat supplied by the constant temperature reservoir 
at temperature T during the first step of the cyclic process. This is 
sometimes called the latent heat of the cell q. It is equal to the differ- 
ence between the electrical energy and the heat of the reaction: 

q == Ee — Q'e 

According to Carnot’s cycle, the ratio of the amount of heat con- 
verted into useful energy (which in this case is electrical) to the amount 
of heat received by the system when held at the upper temperature 
during the cyclic process is related to the absolute temperature accord- 
ing to the equation 

q " T 

Substitution of the values for dq and q may now be made in this equation 



Ee - Q'e T 


or 
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the relation of Q' to Q when measured in calories for n faradays is 

96,500nQ' 

4.1840 ^ 


and the final equation becomes 


Q 

23,070n 



( 16 ) 


This is the celebrated Gibbs-Helmholtz equation applied to a revers- 
ible electric cell. It shows that the term q in equation (15) is pro- 
portional to the absolute temperature and the temperature coefficient 
of the electromotive force. This equation correlates heat of reaction, 
electromotive force, and temperature coefficient. It was used to com- 
pute the electrochemical heat of reaction shown in the last column of 
Table 38. 


Variation of the Electromotive Force with Acid Concentration 

The electromotive force, or open-circuit voltage, as it is often called, 
varies with the concentration of the sulfuric acid contained in the cell. 
The reasons for this are apparent from the discussion of the heat con- 
tent of the constituents of the cell. The effect of changing the acid 
concentration on the potentials of the plates may be seen by consid- 
ering the equations on page 181. The product of the concentration of 
the hydrogen and liydroxyl ions is equal to a constant, K. 

[11+] [OHl = K 

If the percentage of sulfuric acid in the electrolyte is changed, an 
increase in the specific gravity means an increase in the concentration 
of the hydrogen ions and a corresponding decrease of hydroxyl ions. 
Applying this to equation (6) on page 180, an increase in acidity causes 
the reaction to proceed to the right, and equilibrium conditions require 
an increase in the concentration of the tetravalent lead ions in propor- 
tion as the hydroxyl ions decrease. Equation (8) for the potential of 
the positive plate shows that the potential increases as the concen- 
tration of the tetravalent lead ions increases. Coincident with the 
increase in concentration of the hydrogen ions there is an increase in 
concentration of the sulfate ions. Equilibrium conditions for equation 
(7) on page 180 show that this condition must be accompanied by a 
decrease in the concentration of the divalent lead ions. This also 
results in increasing the potential of the positive plate, as equation (8) 
shows. Turning now to the potential of the negative plate, by equation 
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(9) it is apparent that a decrease in the concentration of divalent lead 
ions, accompanying an increase in concentration of the electrolyte, 
results in a smaller value for the potential of the negative plate; but, 
as this is to be substracted from the potential of the positive plate to 
obtain the voltage of the cell, the effect is in the same direction as for 
the positive plates. Experiments by Dolezalek^® have shown that, for 
an increase in acid strength from 6 to 16 per cent, the increase in 
potential of the positive plates is 0.06 volt, and the decrease in potential 
of the negative plates for the same change in concentration is only 
0.004 volt. The change in voltage of the cell is, therefore, the sum of 
these valuer, or 0.064 volt. It is at once apparent that the positive 
plates are much more sensitive to the changes in concentration of acid 
than the negatives. Considering the cell as a whole, as in equation 

(10) , it is found that the voltage increases as the concentration of the 
tetravalent lead ions increases and as the square of the concentration 
of the divalent lead ions decreases. The observed facts are in agree- 
ment with the theory, but reliable data are lacking as to the magnitude 
of the concentrations of the ions upon winch a computation of the 
quantitative effects can be based. 

Many measurements of the relation of acid concentration to elec- 
tromotive force have been made, but it is difficult to compare the 
results, because the earlier experimenters have employed various means 
of expressing the acid concentration and the electrical measurements 
are subject to uncertainty. An effort was made to calculate the various 
determinations reported in the literature to a uniform basis, and these 
were tabulated in earlier editions of this book. New^er and more reli- 
able data are now available on batteries and on electrodes from which 
the electromotive force of the batteries can be calculated. A critical 
and perhaps somewhat arbitrary selection of the earlier values has been 
made. Table 39 contains a group of determinations on batteries and 
another group of measurements on electrodes for corresponding acid 
concentrations. The mean values of the former are in close agree- 
ment with those of the latter group. In the last column of the table 
the mean of all measurements included in the table is given as repre- 
senting the best data on the relation of electromotive force to acid con- 
centration. The value of such data is twofold. From the theoretical 
standpoint it is necessary for calculations based on thermodynamic 
theory, and from the practical standpoint it is of use in fixing the con- 
ditions of floating batteries. 

i®F. Dolezalek, Theory of the Lead Accumulator, p. 80, tr. by von Ende, John 
Wiley & Sons, New York, 1904 (out of print). 
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Temperature Coefficient of Electromotive Force 

By the temperature coefficient is meant the differential change in 
electromotive force, or open-circuit voltage, of the cell with change in 
temperature of the cell. This should not be confused with the change 
in capacity of the cell that is caused by change of temperature. The 
coefficient is conveniently expressed as the change in voltage per degree 
change in temperature. It is positive within the working range, that is, 
a rise in temperature is accompanied by a rise in voltage. The coeffi- 
cient is constant or very nearly so, wffiich means that the same values 
for the change in voltage per degree change in temperature may be 
expected for a given concentration, regardless of the actual teinjicra- 
ture of the cell. 

A critical review of the temperature coefficients for different acid 
concentrations. Table 40, has been made as in the case of the electro- 
motive force data. The temperature coefficients are more difficult to 
determine accurately, but it is important that tliey should be known 
for theoretical reasons as well as for more practical matters of battery 
operation. Three sets of determinations on batteries are given in the 
table. The mean values agree reasonably well with the mean of three 
sets of determinations on electrodes. As the most probable values, the 
mean values of all are given in the last column. The temperature 
coefficients for acid concentrations below 4.3 per cent are negative, but 
this is below the oi)erating range of storage batteries. For all concen- 
trations above 4.3 per cent the coefficient is positive and reaches a 
maximum value at approximately 21 per cent (1.150 sp. gr.). 

Having the necessary data on electromotive force and temperature 
coefficient, the heat of the reaction for different concentrations of elec- 
trolyte may be calculated Irom electrochemical measurements, using 
the Gibbs-Helmholtz equation (16) given on page 189. These values 
for the heat of the reaction are contained in Table 38 where they are 
compared with the results of thermochemical calculations. 

Reversible and Irreversible Heat Effects. If a storage cell of the 
lead- acid type be placed in a calorimeter which will permit the making 
of accurate measurements of heat evolved or absorbed during charge 
or discharge, it will be found that the cell absorbs a small amount of 
heat from its surroundings during discharge and gives out a similar 
amount during charge. This means that on discharge the cell delivers 
more useful work than is represented by the heat of the chemical reac- 
tions taking place in it, and that correspondingly more energy is re- 
quired to charge it. Stated in another way, it means that the cell on 
discharge draws heat energy from its surroundings and converts it into 
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useful work. Several names have been proposed for the heat liberated 
or absorbed during the charge or discharge of the cell, but none of them 
has come into common use. One of these is “reversible heat,” which 
distinguishes this heat from the irreversible lieat that is generated in 
the cell during its operation owing to the ohmic resistance. The latter 
is proportional to the square of the current. The reversible lieat effect 
is directly proportional to the current and time, because it is dependent 
on the extent of the electrochemical action. Another name which has 
been proposed is the “latent heat” of the cell, suggested by the analogy 
of the heat energy liberated or absorbed when water freezes or ice melts. 
A third proposal has been to call it the “Helmholtz heat,” to distin- 
guish it from that due to the I^R loss within the cell, for which the 
name “Joule heat” has been sometimes used. This reversible heat 
effect has been designated by q. 

All the determinations of the temperature coefficient mentioned above 
were made directly on the voltage changes accompanying a change in 
temperature. There is another, but indirect, method that can be used, 
since it was shown above that the reversible heat absorbed during dis- 
charge and liberated during charge is dependent on the temperature 
coefficient multiplied by the absolute temperature. \Mien 2 faradays 
pass through the cell, 

q -= (23070 X 2) r dE/dT 

Streintz^^ made such a measurement, using an ice calorimeter to 
determine the heat liberated. He could se])arate the reversible from 
the irreversible heat effect, since the former is positive on charge and 
negative on discharge, whereas the latter is positive in both cases. The 
irreversible heat effect depends on the square of the current and the 
resistance. Streintz therefore obtained the following equations from 
which to calculate the value of q for unit time: 

Total heat effect, discharge h = — ql 

Total heat effect, charge /?/ = r^R + ql 

whence 

By making I the same on charge and discharge and keeping it a small 
quantity, so that there would be a negligible difference in the resistance 

Streintz, Beitrag zur Theorie de.s Secundarelementos, Wied, Annalen, 49, 
565 ( 1893 ). 
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of the cell, he obtained two values of the coefficient at the specific 
gravity 1.155, which were 0.000345 and 0.000326. 

THEORY OF THE NICKEL-IRON CELLS 

It is generally agreed that the reactions taking place in the nickel- 
iron cells consist of tlie transfer of oxygen from one plate to another. 
When the cells discharge, oxygen is taken from the nickel oxide or 
positive plate and added to the iron or negative plate. During charge 
the reverse action takes place. The electrolyte as a whole docs not| 
appear to change in composition or density; but there are, nevertheless, 
changes in the electrolyte witliin the pores of the plates. 

Equations for the Reaction 

Although the general character of the reactions is known, the exact 
nature of the reacting substances and the chemical formulas for them 
are in some doubt. The process is not as well understood as that in 
the lead-acid cells. 

Much of the available theoretical material in the past was based on 
the researches of Zedner, Foerster, Herold, and Schoop, but other ex- 
perimenters more recently have contributed to it. A great variety of 
equations to represent the reactions has been proposed. Some of these 
arc for certain phases of the o])erati()n of the cells, but none of them 
covers the complete reactions in a single e(|uation as is possible with 
the lead-acid cells. 

The active material of the positive plate is an oxide of nickel or a 
combination of such oxides. Two oxides of nickel arc generally recog- 
nized: NiO and Ni02. It has been supposed that the oxides of nickel 
form solid solutions. ^263 and Ni304, however, are sometimes re- 
garded as mixtures of Ni02 and NiO. Besides these oxides, there are 
two hydroxides, nickelous hydroxide, Ni(OH)2, and nickelic hydroxide, 
Ni(OH)3. LeBlanc and Sachse^o found that nickel oxide, NiO, can 
take on astonishingly large amounts of oxygen in an active state with- 
out a change in the lattice. 

Although some authors have stated definitely that Ni203 is a proven 
compound, such is not the view of the Edison Company. From a final 
product of charge which contains at least a portion of Ni02, a stable 
state is reached at a ratio of oxygen to nickel that approximates 
Ni407. The transition is gradual, and this suggests a solid solution or 
mixture of NiO with a higher oxide, probably the peroxide, Ni02. To 
say this, however, involves the assumption that all the higher oxide 

20 M. LeBlanc and H. Sachsc, Versuche zur Darstellung von rein Nickel- 
monoxyde; tlber schwarzes Nickeloxvd. Z. Elektrochem., $2, 68 and 204 (1926). 
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formed is not in solid solution with NiO and that some excess of Ni02 
which is less stable is therefore formed. 

When the positive plate is charged the proportion of oxygen to 
nickel is increased. Foerstcr-^ has found that nickel peroxide, Ni02, 
is the primary product of the electrolytic oxidation process and deter- 
mines the charging potential. The nickel peroxide combines, as soon 
as it is formed, with unchanged nickelous oxide to give an intermediate 
product that approximates Ni203. Towards the end of the charge, 
however, the available supply of nickelous oxide becomes greatly 
decreased and nickel peroxide begins to accumulate in the plate. The 
nickel peroxide is not stable, and it passes over to a lower state of oxi- 
dation, while oxygen is given off and the potential of the plate decreases 
by more than a tenth of a volt. The peroxide is believed to be present 
in a solid solution in the active material, since the potential of the 
I)late falls gradually during a period of several days. The open-circuit 
voltage of the nickel-iron cell when freshly charged is about 1.48 volts 
and after standing for some time about 1.35 volts. 

Foerster writes the equation for the complete cell, neglecting the 
initial decomposition of Ni02, 

Fe + Ni203, I.2H2O + I.8H2O Fe (011)2 + 2Ni(OH)2 

Foerster has shown that the density of the solution is slightly higher 
after discharge than before. The difference is so small, however, that 
it may easily escape detection by the ordinary syringe-hydrometer 
measurements. 

Kammerhoff22 and others have quoted the equation for the Edison 
cell as follows: 

2Ni(OH)3 + Fe^2Ni(OH)2 + Fc(OH)2 

It is probable that both the iron and nickel oxides in the alkaline 
solution are hydrated, and this equation is referred to by Allmand as 
the usual equation. Foerster, in referring to this equation, states that 
the nickel-iron cell is not independent, theoretically, of the electrolyte. 
Practically, however, the cell is independent of the electrolyte, and this 
equation has much to recommend it. 

Roeber23 proposed the formula 

Ni02 + Fe NiO + FeO 

21 F. Foerster, Die Vorgange im Eisennickel-superoxydsammler, Z. Elektro- 
chem., 14, 285 (1908); Elektrochemie wdsseriger Losungen, 3d ed., p. 270, Johann 
Ambrosius Barth, Leipzig, 1922. 

22 M. Kammerhoff, Der Edisonakkumvlator, p. 13, Julius Springer, Berlin, 1910. 

28 E. F. Roeber, On the theoretical concentration changes in the new Edison 
battery. Elec. World, S7, 1105 (1901). 
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which is delightfully simple. On the basis of this formula he devel- 
oped theoretical discussion of the changes that occur in the electrolyte 
at the two electrodes during charge and discharge. 

Crennell and Lea^^ have concluded, as a result of their critical 
study of the theories of alkaline cells, that the main part of the dis- 
charge is provided by a reduction of the hydrated sesquioxide to a 
lower state of oxidation and the simultaneous formation of ferrous 
oxide at the negative plates. Since the products of the discharge are 
hydrated to a different degree than in the charged state, small changes 
in the concentration of the electrolyte do occur. They give as the 
equation for the complete cell reaction: 

Ni 203 , 6 H 2 O + Fe -f 3 H 2 O ^ 2NiO, OHaO + FeO 

The discharged material of the negative plate may be given, however, 
as ferrous hydroxide. 

Turning to some of the more recent studies of the operation of 
nickel-iron batteries, Briner and Yalda^*^ gave as the equation for 
charge and discharge reactions the same as that quoted above from 
Kammerhoff’s book. On discharge 69.6 calorics are disengaged, and 
this, together with Thompson and Richardson’s tcmi)erature coefficient 
for the electromotive force, enables them to apply the Gibbs-Helm- 
holtz formula. As they gave it, 

Q .TdE 
23.03n dT 

in which Q = 69.6, n = 2, T = 291^ K, and dE/dT - 0.00024. From 
this they calculate E = 1.5S volts, but experiment indicates the value 
to be 1.48. The agreement is, therefore, only approximate. 

Experiments by Glemser and Einerhand^^ led to the conclusion that 
the primary product at the positive plate as a result of charge is 
Ni 02 - 0 : 1120 . This then reacts to form )3-NiOOH by decomposition 
and reaction with Ni(OH) 2 . On discharge the Ni 02 - 0:1120 causes 
a rapid initial fall in potential to that of j3-NiOOH. On slow dis- 
charge they noticed a potential step corresponding to Ni 30 o( 0 H) 4 . 

24 J. T. Crennell and F. M. Lea, Alkaline Accumulators, p. 94, Longmans, Green 
and Co., London, 1928. 

E. Briner and A. Yalda, Sur le fonctionnement aux basses temperatures de 
I’accumulateur au plomb et Taccumulateur au nickel-fer, Helv. Chim. Acta, 26, 
416 (1942). M. dcK. Thompson and H. K. Richardson, On the hklison storage 
battery, Trans. Am. Electrochem. Soc., 7, 114 (1905). 

2®0. Glemser and J. Einerhand, Die chemischen Vorgiinge an der Nickel- 
hydroxydanode des Edison Akkumulators, Z. Elektrochem., 64, 302 (1950). 



Theory of Reactions, Energy Transformation, Voltage 199 
These authors give as the equation for nickel-iron batteries 
Fe + 2NiOOH + 2 H 2 O ;i± Fe(OH )2 + 2Ni(OH)2 

The spontaneous reaction has certain interesting consequences, as 
shown by a study of the performance of cells of the nickel-iron type. 
The decomposition of Ni02 is accompanied by the liberation of oxygen, 
which causes the popping of the caps for a considerable time after 
charging has ceased. The discharge of the cell soon after the com- 
pletion of the charge will show a slightly greater average voltage and 
capacity than a similar discharge after one or more days. This is an 
important point to recognize in testing nickel-iron batteries, since 
differences in procedure will produce variations in voltage, watt effi- 
ciencies, and capacities. There is abundant experimental evidence to 
show that little gas escapes from the cells if they are put on discharge 
soon after the termination of the charge, as compared with the amount 
of gas that escapes if the cells stand idle. This indicates that the oxy- 
gen that escapes spontaneously can be utilized. It also explains why the 
“noon-hour boost’^ for motive-power cells in heavy service is so effec- 
tive in making them “lively,^' aside from the mere number of ampere- 
hours that are added to their capacity. Lastly an explanation is 
offered for the well-known fact that the rate of loss capacity of the 
nickel-iron cell is considerably greater during the first two days after 
charging than subsequently. It is often stated that a partially dis- 
charged nickel-iron battery will lose less charge proportionately, when 
standing idle, than one fully charged. 

Briner and Yalda {loc. cit.) experimented with cooling the positive 
and negative plates separately, and found the effect on the emf greater 
on positives than on negatives. When both plates were cooled together 
the emf at the end of charge reached 2.04 volts at — 40° C but de- 
creased exponentially with time after the cessation of charging to 
normal values. No ozone was detected at these low temperatures, as 
is sometimes observed with lead-acid batteries. 

It is possible to construct a diagram, showing the probable reactions 
at the plates, as has been done for the lead-acid batteries. Foerster 
gives such a diagram, and a slightly different diagram, based on Cren- 
nell and Lea^s equation, was published in an earlier edition of this 
book (2d ed., p. 179). Both of these assumed the principal reaction 
to involve the oxide Ni 203 . As the more recent researches of the 
Edison Storage Battery Division of Thomas A. Edison have indicated 
that a definite compound of this composition is doubtful and that the 
active material of the positive plate stabilizes at a ratio of oxygen to 
nickel approximating Ni 407 , which is probably a solid solution or 
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The necessity for the liberation of hydrogen at the negative plate 
explains the saying, familiar among battery service men, that if 
the battery does not gas it is not taking the charge. The rate of 
liberation of the gas is dependent on the amount of the current flowing, 
and therefore the rate of charging can affect the subsequent output of 
the battery. During the latter part of the charging period, oxygen is 
also liberated, the amounts changing slowly to 2 parts of hydrogen to 
1 of oxygen as the end of the charge is reached. This means, of 
course, that at the end the charging current is merely electrolyzing the 
water present in the cell. 

Schoop2 7 made an interesting series of experiments on this type 
of cell, with electrodes suspended from the arm of a balance so that 
changes in weight could be measured as the cells were charged and 
discharged. He found changes in the volume of the active material to 
occur during charge and discharge. His experiments showed that the 
active material of the positive plate decreases in volume during dis- 
charge and increases during charge. Because of this change in volume 
the active material of positive plates in the Edison batteries is enclosed 
in tubes reinforced by iron rings. Changes in volume at the negative 
plate are smaller under normal operating conditions and therefore of 
less importance. 

Secondary Discharge Reactions 

The capacity of the alkaline cells is ordinarily limited by the posi- 
tive plates. When the knee of the discharge curve has been reached 
the practical capacity of the battery has been exhausted. Beyond this 
there is some evidence of second-stage reactions which occur at lower 
voltages. 

Positive plates containing graphite show a second-stage reaction 
occurring at a potential lower by about 0.5 volt than that correspond- 
ing to the first stage. This effect has been ascribed to oxygen absorbed 
by the graphite as it has not been observed in positive plates which 
do not contain graphite. 

If a second-stage reaction occurs in the negative plates, it is not 
important, because the capacity of alkaline batteries is normally 
limited by the positive electrode. The presence of ferric iron in the 
active material of the negative plate is detrimental, the plates losing 
capacity. Edison found that the presence of mercury was very bene- 
ficial in stabilizing the capacity of these plates and in preventing reac- 
tions of the second stage. 

27 M. U. Schoop, A contribution to the theory of accumulators with constant 
electrolyte, Electrochem. Ind., 2, 272 and 310 (1904). 
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Relation of Voltage to Concentration 

Since the electrolyte, considered as a whole, does not change, it might 
be supposed that the electromotive force of the nickel-iron cell would 
be independent of the concentration. Such is very nearly true. The 
researchers of Foerster have shown that the reactions are not entirely 
independent of the electrolyte, however, and he has found changes of 
a few millivolts in the voltage of the cells when the specific gravity 
of the electrolyte is varied through limits wider than are ever found 
in practice. The effect of changing concentration on the voltage is 
therefore negligible. 

THEORY OF THE NTCKEL-C^ADMIUM CELLS 

Nickel-cadmium cells have many points of similarity with nickel- 
iron cells. The active materials of the positive plates, the electrolyte, 
and some features of construction are essentially the same. The chief 
difference lies in the negative plates, which contain cadmium or a 
mixture of cadmium and iron as the active materials. Jungner-® 
patented a cell having cadmium in the negative plate about the same 
time Edison patented his nickel -iron cell. 

The fundamental chemical reactions in a nickel-cadmium cell are 
somewhat uncertain, especially in regard to the hydrated state of the 
active materials and the part that iron-^ takes in the reactions at the 
negative plates. The net result of the reaction, however, is the transfer 
of oxygen from the active material of one plate to that of the other, 
without measurable change in the electrolyte as a whole. The reac- 
tions are usually written as follows: 

Cd + Ni 203 ^ CMC) + 2NiO (main reaction) 

Cd -f Ni02 CdO + NiO (secondary reaction) 

The principal part of the current is supplied by the main reaction, 
but the secondary reaction may supply part, if discharge is made 
within a few hours after completing the previous charge. 

There has been a tendency to explain reactions in alkaline storage 
batteries in terms of the hydroxides. Glemser’s equation for the 
nickel-iron cell is an example. For the nickel-cadmium cell, the 

28 British patent 7768 (1900); German patents 110,210, 113,726, and 114,905 
(1899). 

28 Anna P. Hauel, The cadmium-nickel storage battery, Trans. Electrochcni. 
Soc., 76, 435 (1939). 

88Glemser, lac. cit. 
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manufacturers of Nicad batteries give the following equation: 

2Ni(0H)3-5H20 + 2K()H + 2 H 2 O + Cd 

2Ni (011)2-61120 + 2K0H + 2 H 2 O + CdO 

AVhen more thcrmochemical data on the system of nickel oxides are 
available, a thermodynamic proof of the reaction may become possible. 
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METHODS OF RATING STORAGE-BATTERY CAPACITY 

Ampere-Hour and Watt-Hour Capacity 

The capacity of a storage battery may be expressed either as the 
ampere-hour capacity or as the watt-hour capacity. The ampere-hour 
capacity is a measure of the electrochemical reactions taking place 
within the cell in accordance with Faraday^s law. In this sense the 
term capacity means the quantity of electricity that the battery is 
able to deliver. The watt-hour capacity, on the other hand, is a 
measure of the energy or ability to do work. The watt-hour capacity 
is obtained by multiplying the ampere-hour capacity by the average 
value of the voltage during the discharge period. In stating the 
capacity of any battery, it is necessary to specify the rate at which 
the battery is discharged, the temperature, and the final or cut-off 
voltage. It will be shown in this chapter that these three factors 
affect the capacity to a marked degree, apart from the effect of other 
factors which involve the design or condition of the battery. 

The ampere-hour capacity of storage batteries is more often stated 
than the watt-hour capacity. It is simpler to measure; but a more 
probable reason for its almost universal use is the fact that in nearly 
all applications of storage batteries the current requirement is an im- 
portant and controlling factor. The torque exerted by a motor, the 
heating of a lamp filament, or the intensity of the field within a sole- 
noid are proportional to the current. In such instances the current 
becomes a primary consideration, and it is necessary to know the 
ampere-hour capacity. If the ampere-hour capacity and the number 
of cells in any battery are known, an approximation of the watt-hour 
capacity, sufficient for ordinary purposes, can be made immediately, 
since the nominal voltage of the lead-acid type of battery is 2 volts per 
cell and of the nickel-iron type 1.2 volts per cell. 

Time and Current Ratings 

Batteries may be rated for ampere-hour capacity in several ways. 
That most commonly adopted is the so-called time rating, by which 

204 
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the capacity of the battery is stated to be a certain number of ampere- 
hours that can be delivered within a specified time. For example, 
stationary batteries are rated at 8 hours, and starting and lighting 
batteries are rated at 20 hours. Current ratings consist in specifying 
the capacity that may be obtained at some particular current. The 
time rating is preferred to the current rating because it makes the 
capacites of different sizes of batteries comparable, whereas a current 
rating irrespective of the size of the battery imposes a less severe tax 
on the larger sizes and their capacity appears more than proportion- 
ately greater. 

Fluctuating and Intermittent Ratings 

The ampere-hour capacity of the battery is most easily ascertained 
when the current is constant during the period of discharge. In this 
case the ampere-hours are equal to the product of the current in 
amperes by the time in hours. If the current fluctuates with time, it 
is necessary to determine the integral 

C = Cl dt 

Jo 

This can be obtained most conveniently by plotting the current as a 
function of the time and integrating the curve. The capacity C is 
that obtained during a discharge lasting for a time t. In general t will 
be limited by the falling voltage of the cell, but it may be chosen as a 
purely arbitrary quantity. 

Choice of Final Voltages 

The entire theoretical capacity of a battery cannot be obtained 
for several reasons. The electrolyte does not diffuse into the pores of 
the plates with sufficient rapidity when the pores are partially clogged 
with the lead sulfate; the resistance of the active material and the 
electrolyte increases as the discharge progresses; and, finally, it is not 
practical to discharge the battery to zero voltage. 

As the battery discharges, the voltage at the terminals falls gradually 
from its open-circuit value, or slightly below, until the end of the dis- 
charge is approached, when it begins to fall much more rapidly. This 
point indicates that the exhaustion of the cell is near. If a curve is 
plotted, showing the voltage throughout the period of the discharge, 
the rapid fall begins at what is commonly known as the knee of the 
curve. The discharge may be continued slightly beyond this point, 
but only a small percentage of the total capacity can be obtained after 
the knee of the curve is passed. The amount of the actual capacity 
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that remains after the knee of the curve is reached depends on the 
rate at which the battery is being discharged, the percentage being 
greater the higher the current. Standard practice has fixed some of 
the final voltages for discharges at various rates. As an illustration 
of the variation of voltage with the rate of the discharge, the figures 
in Table 41 for cells of the motive-power type are given for various 
multiples of the normal 6-hour rate of discharge. 


Table 41. Final Voltages for Cells of the Lead-Acid Type 
(The table applies primarily to motive-power cells.) 


Multiples of Normal 

Ampere Rate at 6 Hours 

1 

*2 

1 

2 

3 

5 

10 


Volts per Cell 
1 78 
1.76 
1.72 
1.68 
1.59 
1.38 


Table 42. Final Voltages for Edison Cells 


(The voltages are for various types and sizes of cells discharging at multiples 
of the normal rate, which for types A, B, C, and D is 5 hours.) 


Multiples of Normal 

Ampere Rate 

1 

2 

1 

2 

3 

4 

5 


Volts per Cell 
1.05 
1.00 
0.91 
0.82 
0.73 
0.64 


* The final voltage for Edison cells is often specified as 1.0 volt per cell, 
irrespective of the rate; see Fig, 71. 


It is not economical to discharge the battery beyond the proper final 
voltage. 

FACTORS DETERMINING CAPACITY 

The principal factors that affect the capacity of storage cells are 
as follows: the amount of material within the cell, the thickness of the 
plates, the rate of the discharge, the temperature, the quantity and 
concentration of the electrolyte, the porosity of the plates, the design 
of the plates, and the previous history of the plates. These factors 
will be taken up, one by one, in the succeeding pages. 
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The Amount of Material within the Cell 

Application of Faraday’s Law.^ According to Faraday’s law, 96,500 
coulombs transform 1 equivalent of lead. Since the atomic weight 
of lead is 207.2 and the valence 2, the equivalent weight of lead is 
103.6 grams. From this we may readily calculate the number of grams 
of lead, on the negative plate, that are transformed into lead sulfate 
during the passage of 1 ampere-hour. As 96,500 coulombs are equiva- 
lent to 26.80 ampere-hours, we have 3.866 grams of lead corresponding 
to 1 ampere-hour. Similarly, 4.463 grams of the dioxide, or active 
material of the positive plate, take part in the reaction per ampere- 
hqur. Two molecules of sulfuric acid in the electrolyte are trans- 
formed for each molecule of lead or lead dioxide, in accordance with 
the equation 

PbOs + Pb + 2H2SO4 = 2PbS04 + 2HoO 

The molecular weight of sulfuric acid is 98.076, and, since the valence 
is 2, there are 98.076 grams of acid reacting for each equivalent of the 
lead. This amounts to 3.660 grams per ampere-hour. The net change 
in the weight of the electrolyte during charge or discharge differs from 
3.660 grams per ampere-hour because of the formation of 2 molecules 
of water during discharge for each 2 molecules of the acid that take 
part in the reaction. When the battery is on charge the reverse takes 
place; that is, 2 molecules of w^ater disappear for each 2 molecules of 
acid that are formed. The net change on discharge is, therefore, 

- 2H2SO4 + 2H2O - 2SO3 

This equation shows that the actual change in weight is 160.12 grams 
for every 2 gram-molecules taking part in the reaction. This loss in 
weight of the electrolyte is balanced by a corresponding gain in weight 
of the plates. 

The mass of the electrolyte reacting at the positive plates during 
discharge is slightly greater than at the negative plates. This may be 
seen from the formula for the chemical reactions taking place at the 
positive and the negative plates, as follows: 

At 4- Pb02 4- H2 + H2SO4 = PbS04 4- 2H2O 

At — Pb 4" SO4 “ PbS04 

The actual consumption of sulfuric acid at the two plates differs more 

iSee p. 173 for discussion of Faraday's law and the newly determined value 
of the Faraday constant. The round value is used here, as the difference from 
the new value is immaterial for the present purpose. 
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than the formula indicates, because it is necessary to take into account 
also the concentration changes caused by the migration of the hydrogen 
(H+) and the sulfate (S 04 =) ions. 

During discharge sulfate ions are consumed at both the positive 
and the negative plates. Sulfate ions migrate toward the negative 
plates and away from the positive plates. Hydrogen ions, on the other 
hand, migrate away from the negative plate toward the positive plate, 
where part of them are consumed in the formation of water. The net 
change taking place is therefore a greater loss of acid at the positive 
plate than at the negative. If this is considered together with the 
amount of water formed at the positive plate, it is found that the posi- 
tive requires about 1.6 times the amount of acid that the negative 
plate requires during the discharge period. This fact is a reason for 
placing the corrugated side of the separators next to the positive plate 
in order to allow more space for acid. It is sometimes noticed, when 
separators are renewed in old batteries, that the capacity of the battery 
is considerably increased. This is undoubtedly due in part to the 
additional acid space provided next to the positive plates by new 
separators, since the ribs of the old wood separators are generally worn 
down almost to the web of the separator by the time that they require 
renewal. 

Limitations to the Use of the Materials. The foregoing figures 
showing the relation of lead, lead dioxide, and sulfuric acid con- 
sumed per ampere-hour are based entirely upon theoretical considera- 
tions. The practical amounts of the active materials required are 
considerably greater than those calculated from theory. There are 
several reasons for the limited use of the materials in actual service. 
The lead sulfate that is formed during the process of discharge is a 
non-conductor and increases the resistance of the active material of the 
plates. When the active material contains 50 per cent of sulfate, the 
resistance has risen to a very high value. Another reason is the stop- 
page of the pores of the plates by the lead sulfate, which hinders the 
diffusion of the electrolyte. A third reason is the increasing resistance 
of the electrolyte itself. It was shown in Chapter 3 that the minimum 
resistivity of the electrolyte occurs at a specific gravity of approxi- 
mately 1.225. As the specific gravity decreases below this point the 
resistivity increases, slowly at first, and then more rapidly as the con- 
centration falls below 1.100. A fourth reason, which involves the 
design of the plate itself, is the limited contact between the active 
material of the plate and its support. 

The ratio of the amount of active material taking part in the reac- 
tions to the total amount of active material present in the plates is 
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called the coefficient of use. This coefficient differs markedly with the 
thickness and porosity of the plate, the rate of discharge, and the tem- 
perature. A cell of good quality will have normally a coefficient of 
0.25 or more. Lower values are to be attributed to deficient amount 
of electrolyte, lack of porosity of the plates, or improperly designed 
separators. 

The reactions of discharge penetrate into the plate only a portion 
of the way. For this reason, cells that contain thin plates are found 
to have greater capacity than cells of similar size containing thicker 
plates. This is particularly true at high discharge rates. Thin plates 
do not have a greater capacity per plate than thick plates. As a 
matter of fact, the capacity per plate is somewhat less, but, owing to 
the larger number of plates that can be used in a cell of given size, the 
capacity of the cell as a whole may be considerably greater. For 
example, when two cells of equal size containing plates which are 
inch in thickness and inch in thickness are compared, it is found that 
the capacity of the thinner plate is 91 per cent of the capacity of the 
thicker plate, although the thinner plate has only 64 per cent of the 
thickness of the other. In a given jar, therefore, 56 per cent more of 
the thinner plates can be installed, assuming a corresponding reduction 
in the thickness of the separators. The relative capacity of the two 
cells, neglecting the effect of separators, can be calculated by multiply- 
ing 156 per cent by 91 per cent. This gives 142 per cent as the capacity 
for the cell containing thin plates, as compared with the capacity of 
the same cell with the thicker plates taken as 100 per cent. The 
increase in capacity is, therefore, 42 per cent, which agrees very closely 
with laboratory measurements on such cells. 

Maximum Output Obtainable. The maximum output obtainable 
from storage cells can be computed. It will be necessary to assume, 
for this estimate, thin plates of high porosity discharging at a low rate 
over a long period of time. The grid of a pasted plate amounts to 35 
to 50 per cent of the weight of the finished plate. It was found on 
page 207 that 3.866 grams of lead and 4.463 grams of lead dioxide are 
required per ampere-hour. This is a total of 8.329 grams of active 
material as the theoretical requirement for each ampere-hour. We 
shall assume that the coefficient of use, as defined above, is 50 per cent. 
This is rather more than can ordinarily be obtained. Dividing 8.329 
grams by 0.50 gives 16.65 grams of active material as the best possible 
equivalent per ampere-hour. Assuming that the grid is only 35 per 
cent of the finished weight of the plate, the active materials will con- 
stitute 65 per cent, and, dividing 16.65 by 0.65, we obtain 25.62 grams 
per ampere-hour as the weight of the plates. It is necessary now to 
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ascertain the relation between the weight of the plates and the weight 
of the complete cell. This varies considerably among the cells made 
by different manufacturers, but in Table 43 are given the weight of 
each of the different parts of the cell in grams and the per cent of the 
total weight. 

Table 43. Relative Weights in Grams and Percentages of Various 
Parts of the Complete Cell 


(Figures are for cells of the same size containing 15, 17, and 21 plates. 
The data for the 15- and 17-plate cells are the mean of three different makes; 
and for the 21-plate cells the mean of two different makes.) 


Plates 

Total 

Weight 

Posi- 

tives 

Nega- 

tives 

Straps 

Elec- 

trolyte 

Wood 

Separa- 

tors 

Rubber 

Separa- 

tors 

Jar 

Cover, 
Vent, and 
Sealing 
Com- 
pound 

Thick 

15 

21,237 

7660 

6657 

982 

4021 

420 

1.53 

1150 

194 



Per Cent 

36.1 

31 3 

4.6 

18 9 

2 0 

0 7 

5.4 

0 9 

Medium 

17 

21,528 

7738 

6203 

1133 

4561 

403 

2C9 

1281 

320 



Per Cent 

35 9 

28 8 

5.3 

21.4 

1 9 

1.2 

5.9 

1.5 

Thin 

21 

20,913 

7077 

5970 

1240 

4710 

3.54 

221 

1187 

154 



Per Cent 

33 9 

28.5 

5 9 

22 5 

1 7 

1 0 

5 7 

0.7 


In the table it is shown that the positive and negative plates con- 
stitute from 62 to 67 per cent of the total weight of the cell. Resuming 
the example, the weight of the cell per ampere-hour is therefore 25.62 
divided by 0.624, or 41.1 grains per ampere-hour, as the result computed 
for the 21-plate cells. This corresponds to a maximum value of 24.2 
ampere-hours per kilogram or 11.0 ampere-hours per pound of the cell. 
If we may assume that the average voltage during the discharge of the 
cell is 1.95 volts, the energy capacity becomes 47.2 watt-hours per 
kilogram or 21.4 watt-hours per pound. 

Having calculated the maximum output obtainable, we shall now 
compare it with the actual output of several types of storage cells. 
Batteries containing soft, medium, hard, and very hard plates have 
been chosen for this table. Column 2 shows the weight of the positive 
active material, since it is the positive plate which limits the capacity 
of the cell. 

The effect of hardness of the plates on the utilization of the active 
materials is better illustrated by these batteries of 30 years ago than 
by batteries of the present day, which differ much less in hardness 
of plates. The batteries containing medium plates. Table 44, corre- 
spond to 13-plate batteries of 96 ampere-hours, discharging at the 
20-hour rate. 



Capacity 211 

Table 44. Theoretical and Actual Capacity op Storage Batteries 

(Batteries [7-plate cells] discharged to 1.70 volts per cell at 5-hour rate and 
1.50 volts at 20-minute rate, assuming the grid to be 50 per cent of the weight 
of the positive plates.) 



Weight of 

Complete 

Actual 

Coeffi- 
cient of 
Use, 

% 

Actual 

Coeffi- 
cient of 
Use, 

% 

Kind of 
Plate 

Positive 

Active 

Theo- 

retical 

Capacity 

5-Hour 

Capacity 

20-Minute 

Material, 

Capacity, 

Rate, 

Rate, 


g 

amp-hr 

amp-hr 

amp-hr 

Soft 

504 

113 

49 

43 

28 

25 

Medium 

552 

123 

40 

33 

23 

19 

Hard 

528 

118 

35 

30 

17 

14 

Very hard 

603 

135 

27 

20 

12 

9 


The output of storage cells of the motive-power type per unit of 
weight and space is given for the 5-hour rate of discharge in Table 45. 
The last figure given for the watt-hour capacity per cubic foot of the 
21-plate cells indicates about 2 hp per cubic foot of the space occupied 
by the battery. 


Table 45. Output of Storage Cells of the Motive-Power Type per 
Unit of Weight and Space, 5-Hour Rate of Discharge 

(The cells were all nominally of the same external dimensions. The 
ampere-hours and watt-hours per unit of weight are based on the weight of a 
single cell. The watt-hours per unit of volume are calculated from observa- 
tions on a battery of 12 cells. The plates were 21.9 cm by 14.6 cm [8f by 5f 
inches].) 


Number Thickness of 
of Plates Positive Plates 
per 

Cell Cm In. 

15 0.60 15/64 

17 0.52 13/64 

21 0.44 11/64 


Ampere-Hours 

per 


Kg 

Lb 

Kg 

10.9 

4.9 

21.2 

11.7 

5.3 

22 6 

rs.i 

5.9 

25 4 


Watt-Hours 

per 


Lb 

Dm3 

Ft® 

9.6 

45 

1263 

10.3 

48 

1350 

11.5 

51 

1440 


Thickness of the Active Material 

The capacity of a storage cell increases with the thickness of the 
active material of the plates at moderate rates of discharge, assuming 
that the plates have sufficient porosity for the electrolyte to reach the 
inner recesses. The effect of thickness cannot be considered apart from 
the rate of the discharge, because the faster the discharge the more 
nearly is the total output of the cell confined to the layers of active 
material that are in immediate contact with the free electrolyte. At 
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excessively high rates of discharge, the output of the cell becomes 
practically a surface phenomenon. This is because there is insufficient 
time for the electrolyte to diffuse into the pores of the plates, and the 



sulfate forming at the surface clogs the pores. At low rates of dis- 
charge, on the other hand, almost any depth of the active material may 
become effective. For example. Fig. 63 shows the relation of capacity 
to the plate thickness for a certain make of starting and lighting bat- 
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tery containing plates varying from ^ inch to J inch in thickness. 
These results are calculated for a battery containing 13 plates to the 
cell. The very great difference between discharges made at high rates 
and at low rates for plates of different thickness may be illustrated as 
follows: At the 10-minute rate of discharge, the J-inch plate gives 
only 38 per cent more capacity than the plate ^ inch in thickness, but 
at the 30-hour rate it gives 170 per cent more. 

The negative plates are more sensitive to changes in thickness than 
the positive plates. This means that, if the capacities of the positive 
and negative plates are equal at any high rate of discharge, the nega- 
tive will exceed the capacity of the positive at any lower rate of 
discharge. 

Area of the Plates 

For any specified amount of material and thickness of the plate, 
the area of the plates is necessarily determined. The area is, there- 
fore, not an independent factor in determining the capacity, but, since 
it is most easily measured, it is desirable to discuss the output in its 
relation to the surface of the plates. The area of the plate requires 
careful definition, since it may be taken to mean the area as calculated 
from dimensions of width and height, or the entire developed surface 
in the Plante plates, which is 7 to 10 times the area calculated from 
the dimensions. The area of pasted plates is calculated from the 
width and height and doubled to allow for both sides of the plates. 

The output obtained from a given area of plate varies with the type 
of plate and the rate of the discharge. For Plante plates an output of 
1 ampere-hour for each 100 to 125 square centimeters (15 to 20 square 
inches) of developed surface is about the average. The output for 
pasted plates of the motive-power type is given in Table 46, show- 

Table 46. Output per Unit of Plate Area for Motive-Power Type 
Cells of Nominally Same Size 


*lates 

per 

Area Positive 
Group, 

Capacity 
5-Hour Rate, 

Ampere-Hours per 

Cell 

sq cm 

amp-hr 

Sq Cm 

Sq In. 

15 

4480 

228 

0.051 

0.329 

17 

5120 

244 

0.048 

0.309 

21 

6400 

260 

0.041 

0.264 


ing that the capacity per unit of area is somewhat less for the thin 
plates than for the thicker plates. In the aggregate, however, the 
capacity for the thin-plate cells is greater, because the increased surface 
of the plates more than offsets the decreased capacity per unit of area. 
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The values given in the table are for motive-power cells discharging at 
the 5-hour rate. 

In order to study the relation of plate area to the rate of discharge, 
we refer to Fig. 63 in the preceding section, which is calculated for a 
cell of 13 plates. We shall take as an example a cell containing 13 
plates, inch in thickness, and compare with it another cell of similar 
size having double the number of plates, which are ii^ch in thickness. 
It is obvious that the volume of the plates in each is the same, but that 
the area of the j^\j-inch plates is double that of the -i^(^-inch plates. ; 
At the 30-hour rate, the cell containing the j^\-inch plates has an aggre- 
gate capacity of 182 ampere-hours. The cell containing the ^^^-inch 
plates has a capacity of 152 ampere-hours. Halving the thickness of 
the plates, and thereby doubling the area, has increased the capacity 20 
per cent at this low rate of discharge. At the 10-minutc rate of dis- 
charge, the cell containing ^\-inch plates has a capacity of 67 ampere- 
hours and the other cell with -/^-inch plates has a capacity of 40 
ampere-hours. At this high rate of discharge, halving the thickness 
and doubling the area has increased the capacity of the cell 68 per cent. 

Efforts to get greater area of plates are made particularly for air- 
plane batteries, for which plates as thin as 0.050 inch are often used. 
Thin plates possess two advantages for high-rate service. The first 
is increased capacity for unit of space and weight. The second advan- 
tage is decreased resistance, which permits the cell to deliver very 
large currents with a small waste of energy within the cell itself. 

Rate of Discharge 

It is a familiar fact that storage cells will not give as great capacities 
when discharging at high rates as when discharging at lower rates. 
The causes of the decreased capacity at the high rates are the follow- 
ing: the sulfation on the surface of the plates, which closes the pores; 
the limited time available for diffusion of the electrolyte; and the loss 
of voltage because of internal resistance of the cells. 

Variation of Capacity with Time and Rate. Figure 64 shows the 
discharge characteristics of one type of storage cell designed for start- 
ing and lighting service. The capacity is expressed as ampere-hours per 
positive plate, as a function of the current discharged per positive plate. 
That is to say, if a cell contains 6 positive plates, the ampere-hour 
capacity indicated for any given rate or time of discharge is to be mul- 
tiplied by 6. The capacities are shown for all rates of discharge, from 
the 5-minute rate to the 30-hour rate, but it should be noted that the 
scale of the abscissa is arbitrarily changed at 10 amperes per positive 
plate, in order to make it possible to show the complete characteristics 
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of cells of this type within the limits of a single illustration. The diag- 
onal lines intersecting the curve of capacities give the time of discharge. 

Successive Discharges. The capacity of storage cells is seen from 
Fig. 64 to increase as the rate of discharge becomes lower. The physi- 
cal significance of this effect lies chiefly in the diffusion phenomena. 



Fig. 64. Discharge characteristics of a plate of the starling and lighting type. 


After a battery has been discharged to its final voltage at any given 
rate, it may be further discharged at any lower rate. That is to say, 
the total capacity of the battery is equal to the summation of terms in 
accordance with the following equation: 

C = SZl^l + 12^2 "b Zsfe * * * Intn 

where /j, 1 2 , Isi are successively lower values of the current, and 
the Vs represent the time during which the battery was discharging at 
the rate indicated by I with corresponding subscripts. Deception has 
been practiced upon some automobile owners in order to sell special 
electrolytes for which extraordinary claims are made, the deception 
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consisting in the failure to state that the same result may be obtained 
with the ordinary electrolyte as with the special product whose merits 
are exploited. A storage cell for demonstration purposes is discharged 
to the point where it fails to crank the engine, and then is allowed to 
rest for a period of a few minutes. During this time the more con- 
centrated electrolyte in the cell is diffusing into the pores of the plates, 
and it is possible to discharge the battery again. This may be repeated 
a number of times, and so it may appear, in the absence of exact 
measurements, that the battery has acquired an unlimited capacity j 
because of the exploited material it contains. 

Equations to Relate Current and Time. A number of attempts ' 
have been made to develop equations which would relate the current 
to the time of discharge, in order that the capacity of batteries might 
be computed for any rate or time of discharge. The most widely used 
of these equations is Peukert’s equation, ^ 



(1) 

In this equation, n and C are constants which may be evaluated by 
tests made on any cell or battery at two different rates of discharge. 
It will be assumed that the different rates are /i and 72, the times of 
these discharges corresponding to and ^ 2 - The values for n and C 
may therefore be calculated as follows: 

= c 

/2”<2 = C 

(2) 

n log 7i = log C — log h 
n log I 2 = log C — log <2 

(3) 

log <2 — log tl 
log/l — log /2 

(4) 


The numerical value for n being found for any particular type, the 
other constant C may be determined by solving either of the equa- 
tions (2). 

PeukerPs equation was based on and originally applied to batteries 
made in European factories. It will be interesting, therefore, to apply 
Peukert^s equation to American-made batteries. 

Peukert^s equation, being logarithmic, can be plotted as a straight 
line on log-log paper. Similarly the observed relation of current and 
time of a battery^s discharge should plot as a straight line if the rela- 

2 "W. Peukert, t)ber die Abhiingigkeit der Kapacitiit von der Entladestrom- 
starke bei Bleiakkumulatoren, Elektrotech, Z., 18, 287 (1897). 
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tionship is strictly a logarithmic function. Many observers have 
reported, however, that the experimental results deviate slightly from 
calculated values based on Peukert^s formula. These deviations are 
attributed to ohmic resistance of the cells and to a fixed or an incorrect 
choice of cut-off voltages. Table 47 is based on observations made 

Table 47. Relative Capacity of Lead-Acid Storage Batteries at 
Various Rates of Discharge and Temperatures 


(Percentages based on the capacity at 5-hour rate and 80° F taken as 
100 per cent.) 


1 

Rate of discharge 

10 

hr 

5 

hr 

3 

hr 

2 

hr 

1 

hr 

40 

min 

30 

min 

20 

min 

10 

min 

5 

min 

Cut-off voltage 

1.77 

1.75 

1.73 

1.71 

1.64 

1.60 

1.54 

1.46 

1.26 

0.95 

Tempe 

'“C 

jrature 

°F 

Relative Capacity in Per Cent for Rates of Discharge and 
Cut-Off Voltages Specified above 

27 

80 

120 

100 

88 

78 

65 

58 

53 

46 

38 

30 

10 

50 

95 

78 

68 

60 

49 

44 

40 

35 

29 

23 

0 

32 

79 

65 

56 

50 

41 

37 

33 

29 

23 

18 

~10 

14 

64 

52 

45 

40 

32 

28 

26 

22 

17 

13 

-20 

-4 

50 

40 

34 

30 

24 

21 

18 

15 

11 

6 

-30 

-22 

36 

28 

23 

20 

15 

13 

11 

8 

4 


-40 

-40 

23 

17 

13 

10 

6 

4 

3 

1 



-50 

-58 

11 

5 

2 

0 








on a group of small cells having 9 plates to the cell and wood separators. 
Temperatures were measured by thermocouples immersed in the elec- 
trolyte, and the cut-off voltages were determined by the knee of the 
discharge curves at each rate. The values for n and C in Peukert^s 
equation having been determined from data in Table 47, observed and 
calculated values are compared in Table 48. The accuracy with which 
Peukert^s formula represents the discharge of these cells is remarkable. 


Example 1. Compute the values of the constants n and C in Peukert’s 
equation from test results at the 1- and 10-hour rates as given in Table 47. 


7 1 = 65 amperes 

72 = 12 amperes 
log 65 = 1.813 

log 12 = 1.079 
0.734 


ti = I hour 
t 2 = 10 hours 
log 10 = 1.000 
log 1 = 0.000 
1.000 


n = 1.000/0.734 = 1.36 
C = (65)1-36 = 291.4 
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Example 2. Using the values of n and C obtained in the preceding example, 
compute the length of time, of discharge at 39 amperes, and compare the 
results obtained with the experimental data given in Table 48. 

t = 291 .4/ (39)' “ = 2.00 hours (table shows 2.0) 

Table 48. Compakison of Calculated Time of Discharge, Using 
Peukert’s Formula, with Observed Values 

(The constants calculated for Peukert^s formula are: n = 1.36; C = 291.4.) 

Time of Discharge, hr 


Current, 

By 

Observed 

amp 

Formula 

Values, Table 47 

12 

9.94 

10 0 

20 

4.96 

5.0 

29.3 

2 95 

3.0 

39 

2.00 

2 0 

65 

1.00 

1 0 

87 

0.67 

0 67 

106 

0.51 

0.50 

138 

0.36 

0 33 

228 

0.18 

0.17 

360 

0.097 

0.083 


Other equations^ which have been published, relating the capacity 
of storage cells to the current at which they are discharged, are by 
the following: Schroeder; Liebenow; Rabl; Davtyan. These equa- 
tions in the experience of the author are not as representative of 
American-made cells as the equation of Peukert, and two of them 
are much more difficult to use. 

Temperature 

The temperature plays an important part in determining the capac- 
ity that can be delivered by a storage cell under any specified condi- 
tions of rate and final voltage. Because batteries are commonly used 
when atmospheric temperatures are low, interest centers on improving 
their output under such conditions. Much has been accomplished by 
the use of ‘^organics,” usually wood extracts, as expanders in the 
negative plates. Chemical reactions do not take place readily at 

SL. Schroeder, Berechnung von Akkumulatoren fur Elektricitatswerke, Elek- 
trotech. Z., 12, 585 (1891). C. Liebenow, Uber die Berechnung der Kapazilat 
eines Bleiakkumulators bei variabeler Stromstiirke, Z. Elektrochem., 4, 63 (1897). 
M. Rabl, Berechnung der Kapazitat von Bleiakkumulatoren bei Teilweiserent- 
ladung bis zu beliebigen Spannungsgrenzen Anderung de Kapazitatskurven mit 
der Temperature, Z. Elektrochem., 4^, 114 (1936). 0. K. Davtyan, Capacity of 
Acid Storage Batteries, Bull acad. sci. U.R.SB., Classe sci. tech., 737 (1946). 
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extremely low temperatures, and much below 0^ F it becomes impos- 
sible to charge the batteries. 

Table 47 gave the comparative capacities of batteries at various 
rates of discharge and tem})eratures. These data may be considered 
conservative. Some of the j^ublished data indicate higher percentages 



Fig. 65. Effect of temperature on the resistivity of sulfuric acid solutions 

than those given in this table, and there is a rather wide difference 
between the highest and lowest values. Part of this may be attributed 
to the various makes and types of batteries. As it is not possible to 
furnish data that will be universally applicable, a composite table, 49, 
based on four independent researches, is provided. This illustrates the 
principle and gives approximately correct data for the more common 
types of cells. 

Figure 65 .shows graphically the effect of temperature on resistivity 
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of the electrolyte. The concentration is limited to about 1.280 sp. gr. 
when the battery is charged, if the negative plates are to function 
properly. When the battery is discharged the specific gravity cannot 
be allowed to fall below the limits set by the freezing-point curve. 
The resistivity increases very rapidly at temperatures below 0° C 
(32° F) as shown by the curves. 

Table 49. Relative Capacity of Lead-Acid Storage B 
Normal and Low Temperatures 


Percentage of Capacity 
Temperatures at 80° F, 20-Hr Rate 


°c 

°F 

20-Hr Rate 

20-Min Rate 

27 

80 

100 

46 

15 

60 

90 

39 

4 

40 

77 

31 

-7 

20 

63 

24 

-18 

0 

49 

16 

-29 

-20 

35 

9 

-40 

-40 

21 

1 

-51 

-60 

9 



Low temperatures increase the viscosity of the electrolyte, impair- 
ing its circulation in the pores of the plates. The increase in viscosity 
becomes very rapid at temperatures below 0° C (32° F) as shown in 
Fig. 66. At —50° C (—58° F) the viscosity is nearly 30 times as 
great as at ordinary temperatures. This illustration shows rather 
better than the preceding figure the limitations imposed by the two 
arms of the freezing-point curve. The range of concentrations within 
which the electrolyte remains a liquid becomes increasingly narrow as 
temperature is decreased. The extreme low temperatures shown in 
these figures are not below possible atmospheric temperatures. 

Temperature Coefficient of Capacity. Many experiments have been 
made to determine the temperature coefficient of capacity of storage 
cells. One per cent per degree Centigrade (0.56 per cent per degree 
Fahrenheit) for cells containing Plante plates is a value that has been 
given in several previous books. Liebenow^ states that he found the 
capacity to be a linear function of the temperature, and the increase 
for 1° rise in temperature to be 1 per cent of the capacity at 15° C. 
Data given in Table 49 for pasted plates indicate an approximately 
similar value, 0.64 per cent per °F (1.2% per °C). 

4 C. Liebenow, Dependence o] Capacity on Current Strength, Inaug. Dissert., 
Gottingen, p. 6, 1905. 
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Variation of the Coefficient with the Rate. Since temperature 
affects the rate of diffusion and the resistivity of the electrolyte, it may 
readily be expected that the temperature coefficient of capacity will 
vary with the rate of discharge. Using the data in Table 49, at the 
20-hour rate the capacity may be taken as 100 ampere-hours at 80® F 
and 49 ampere-hours at 0° F. The available capacity is, therefore. 



l.ioo I.IBO 1.200 1.2B0 1.300 1.850 1.400 

Specific Gravity ||. 

Fig. 66. Effect of temperature on the viscosity of sulfuric acid solutions, 
and the limitations imposed by freezing points. 

49 per cent of the capacity at 80® F. At the 20-minute rate, the 
capacities at 80 and 0® F are 46 and 16 ampere-hours, respectively, and 
the available capacity at the lower temperature is 35 per cent of that 
at the higher temperature. Stated in another way, the percentage of 
available capacity at lower temperatures decreases as the rate of dis- 
charge increases. 

Concentration of the Electrolyte 

Change in Capacity with Concentration. The concentration of the 
acid in the pores of the plates is a vital factor in determining the volt- 
age and capacity of a cell. Unless a sufficient amount of sulfuric acid 
can be maintained in the pores during discharge the voltage at the 
terminals of the cell will decrease rapidly and the cell will become 
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exhausted. The concentration affects the capacity, first, because it 
determines the potential of the plates; second, because it affects the 
resistance of the electrolyte to the passage of the electric current; 
third, because it affects the viscosity of the electrolyte and thereby the 
rate of diffusion; fourth, because differences in the concentration of tlie 
electrolyte in the pores of the plates and outside also affect the rate of 
diffusion. 

Liebenow’s Experiment. Licbenow^ carried out a celebrated experi- 
ment which has often been quoted to show the influence of concentra- 
tion on the cai)acity of the plates. Tie welded a negative plate of the 
I)asted type to form a window in tlie side of a haul vessel which he then 
[)laced in a larger vessel. By varying the height of the electrolyte in 
the two vessels, it was possiljle to exert a hydrostatic pressure to force 
the electrolyte through the ])late, which served as a window of the 
inner compartment, in either direction, or, if the electrolyte were at the 
same level in the two vessels, to eliminate the hydrostatic pressure. 
Liebenow suspended a i)ositive ])late inside of tli(‘ inner vessel and 
determined the capacity of this arrangement when the electrolyte had 
the same level in the two vessels. The ca])acity was found to be about 
14 ampere-hours. After this the level of the electrolyte in the inner 
compartment was maintained higher than in the outer vessel, so that 
the acid was continually passing through the plate. He again deter- 
mined the capacity and found it to be approximately 42 ampere-hours, 
or 3 times as great. This experiment shows that, if the concentra- 
tion of the electrolyte in the pores of the plate can be maintained during 
the discharge period, the cell will have a much greater capacity. In 
other words, the capacity of the cell ordinarily is limited by the supply 
of electrolyte. Only under extreme conditions, when tlie discharge 
takes place at very low rates and the coefficient of utilization of the 
active material is very high, can the capacity be said to be limited by 
the amount of active material available. 

A somewhat similar experiment was made more recently by Hauel,® 
who used a negative ])late as a inicroporous diaphragm, forcing elec- 
trolyte through it to observe changes that occur Airing formation. 
The rate of flow' varied with changes in the structure of the active 
material. 

Maximum Capacity. Experiments to determine the concentration 
of electrolyte for which the capacity of any given storage cell is a maxi- 

C. Liebenow, Cber die Ben't hiiimg der Kapazitiit eines Bleiakkurnulators bei 
variabeler Stromstiirke, Z. Elektrochem., 4^ 61 (1897). 

®Anna P. Hauel, Microporovis lead plates in storage batteries, Tram. Electro- 
chem. Soc., 7S, 231 (1940). 
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mum have been made by numerous observers. Their conclusions have 
varied from concentrations of 1.100 to 1.270 sp. gr. The wide diver- 
gence of their results is probably accounted for by the varying condi- 
tions of their experiments. 

The capacity of the cells increases as the concentration of electrolyte 
increases, within the range now employed. This is particularly true at 
high rates of discharge when the capacity of the cells is limited by the 



Fig. 67. Effect of concentration of the electrolyte on the (‘apacity of cells 
discharging at 1 ampere and at 4 amperes. 

positive plates. Figure 67 shows a series of experiments made on small 
cells of the couple type having pasted plates and containing electrolyte 
of specific gravities ranging from 1.080 to 1.310 at the beginning of 
the discharge. The figure shows the characteristic curves for dis- 
charges at 4 amperes and 1 ampere. The plates were 3 inches wide by 
4 inches high. This figure shows that, when the rate of discharge was 
decreased from 4 amperes to 1 ampere, the time of discharge for the 
cell containing the highest specific gravity was increased 6.4 times, but 
the cell containing the lowest specific gravity gave 35 times the length 
of discharge at the lower current rate. 

Comparison of Effects of Concentration and Temperature on Posi- 
tive and Negative Plates. Although a high concentration of the 
electrolyte is favorable for the positive plates, it may be detrimental to 
the negative plates. The capacity of the negative plates in an electro- 
lyte of 1.315 sp. gr. is less than in an electrolyte of 1.140 sp. gr., particu- 
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larly at high rates of discharge and low temperatures. The negative 
plates may thus become the limiting factor. Cases are on record show- 
ing that it has been necessary to reduce the concentration of electrolyte 
in airplane batteries, for example, in order that they might meet the 
capacity requirements specified for them. The reduced concentration 



Fig. 68. Effect of temperature on the capacity of positive plates. 

may reduce slightly the capacity at normal rates and temperatures 
when the positives limit the capacity, but this is more than offset by 
the gain in capacity under more severe conditions that result in limita- 
tions imposed by the negatives. 

In order to study the effects of temperature and concentration on 
the positives and negatives separately, Virial and Snyder made use of 
small cells in which the capacity could be limited arbitrarily by the 
plates of either polarity. Figures 68 and 69 show the results for posi- 
tive and negative plates discharging at a rate that approximated the 
5-hour rate at normal temperatures. The concentrations stand in 
reverse order in the two figures. Furthermore, the temperature coef- 
ficient of the negative plates as measured by the slope of the curves is 
greater than that of the positives. It must not be concluded, however, 
that a specific gravity as low as 1.140 is always the most favorable 

G. W. Vinal and C. L. Snyder, Effect of temperature and other factors on the 
performance of storage batteries, Trans. Am. Eleclrochem. Soc., 63, 233 (1928). 
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for the negative plates. The same cells discharging at a higher rate 
(2 amperes) gave the best results when 1.240 sp. gr. acid was used. 
The possibility of freezing when the specific gravity is too low should 
not be overlooked. In any event the choice of the strength of the 
solution involves a compromise, depending on the conditions of service. 



Fig. 69. Effect of temperature on the capacity of negative plates. 

Porosity of the Plates 

The importance of porosity of the plates in facilitating the access 
of electrolyte to the active material has been treated in connection 
with other factors previously discussed. The porosity of the finished 
plate varies with the expansion of the material from which it was made 
and with its state of charge. The aggregate porosity of the plate is a 
matter of 50 per cent of the entire volume of the plate, but the indi- 
vidual pores are probably little more than molecular in size. 

Although the term porosity is generally understood to indicate the 
possession of absorption qualities similar to those of a sponge, it is 
desirable to establish a definition for it. The porosity is equal to 1 
minus the ratio of the apparent density of the active material to the 
real density. From this definition the percentage of porosity of the 
plates may be obtained in any case by multiplying by the factor 100. 

Variation of Porosity with State of Charge. The porosity of the 
plate varies with the state of charge. Lead sulfate, which is formed 
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as a product of the discharge of the cells, is less dense than either lead 
or dioxide of lead. It therefore occupies more space than the active 
materials, yet the apparent volume of the plate does not change. The 
reason for this is that the expansion is taken care of by the pores of the 
plates. 

Measurement of Porosity. The relative porosity of storage-battery 
plates can be determined by the amount of water that can be absorbed 
by the pores when they are initially in the dry condition. Such a 
measurement, however, is seldom accurate, and it is preferable to deter- 
mine the actual porosity by calculation as follows: 

Example. Determine the porosity of a positive plate of an airplane 
battery. The three dimensions are as follows: 

Length 12.46 cm 

Width 14.28 cm 

Thickness 0.1275 cm 

(In order to obtain a sufhciently accurate determination of the thickness, 
it is necessary to use a micrometer caliper and to take the mean of a number of 
readings at different ])arts of the plate.) 

The volume of this plate is 22.082 cc. To this must be added the volume of 
the lug, 1.03 cc. The total volume of the plate is 23.662 cc. The volume 
of the grid equals the weight of the grid divided by its density. Its density is 
determined by Table 3, given in Chapter 2, after a chemical analysis has been 
made to find the percentage of antimony it contains. In this example the 
volume of the grid equals 81 .215 divided by 10.85 = 7.485 cc. Deducting the 
volume of the grid from the volume of the plate, we obtain the space available 
for the active material, 23.662 -- 7.485 — 16.177 cc. The weight of the fully 
charged plate washed and dried was 143.3 grams. Deducting the weight of 
the grid, 81.22, the weight of the active material is 62.08 grams. The actual 
volume of the active material is equal to the weight divided by the density = 
62.08 divided by 8.8 = 7.06 cc. The pores of the plate are equal to the space 
available for the active material minus the actual volume of the material = 
16.18 — 7.06 = 9.12 cc. The porosity equals the ratio of the pore space to 
the total space available for active material = 56.5 per cent. Answer, 

A determination of the porosity of the same plate by the absorption 
method, the water being drained off for about 1 minute, gave the 
porosity as 50.5 per cent. The porosity as determined by water is 
consistently less than the calculated value because of the rapid evapo- 
ration of the water on the surface of the plates and the capillary action 
of the pores. Determining the porosity of the negative plates requires 
a special procedure, because the negative plates in the battery oxidize 
spontaneously when exposed to the air, accompanied by a marked rise 
in temperature. Fully charged negative plates have been successfully 
dried without oxidation in atmospheres of inert or reducing gases and 


m vacuum. 
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Samsonov® and his co workers made porosity (kiterminatioiis based 
on true and ai)parent specific gravities of the active materials. They 
found benzene and toluene best suited for determinations of the volume 
of the active mass. 

Diffusion Phenomena. The diffusion which takes place during both 
the charging and discharging periods is an important factor in the oper- 
ation of the cell. According to the kinetic tlieory of diffusion, the 
molecules and ions in the electrolyte are in continual motion. The 
proof of this theory is found by examination of colloidal solutions in 
which the Brownian movement of the colloidal particles can be clearly 
seen. The motion of the particles to and fro is resisted by the viscosity 
of the solution. 

Pick’s law*^ states that the rate of diffusion varies as the difference 
in the concentration and as the area of the pores, and inversely as the 
length of the path to be traveled. We may, therefore, write the equa- 
tion for the amount of acid diffusing in a given time as follows: 

Q=-DAC(a/l) 

Q == quantity of acid diffusing in a given time; D = dift’usion coeffi- 
cient; aC = difference in concentration between the electrolyte within 
the pores and that outside; a = aggregate cross section of the pores; 
and I = distance through which the acid must diffuse. 

Diffusion is a slow process, and the diffusion coefficient is a constant 
unique for a particular substance. It probably varies slightly with the 
concentration. The electromotive force affords a sensitive and exact 
indication of the time when diffusion is complete. Twenty hours or 
more may be necessary for the emf to become constant to within 1 part 
in 20,000, as was found by Vinal and Craig, 

Other phenomena related to diffusion deserve mention, although 
they affect the operation of the cell to a very small extent. Electrical 
endosmosis undoubtedly takes place through the porous separators 
during both charge and discharge. It does not occur within the porous 
sections of the plates, however, because the active material of the plates 
is an electrical conductor, and therefore the potential differences are 
small in spite of the difference of concentration of the electrolyte in the 
pores of the plates and outside. There is an electromotive force at the 

® P. D. Samsonov et al., Structure of the pores and the efficiency factor in the 
utilization of the active material of the plates, J. Appl. Chem., U.S.S.R., 14, 317 
(1941). In French, p. 334. 

® Adolf Fick, t)ber Diffusion, Pogg. Annalen, 94, 59 (1855). 

G. W. Vinal and D. N. Craig, Chemical reactions in the lead storage battery, 
J. Research Natl. Bur. Standards, 14, 449 (1935). 
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liquid junction between the two concentrations. This is caused by the 
unequal speed of the ions. The hydrogen ions move the most rapidly, 
carrying with them positive charges. Since the electrolyte in the pores 
of both positive and negative plates becomes depleted on discharging, 
the liquid- junction potentials are in opposite directions at the two 
plates and nearly equal in magnitude. Hence their combined effect is 
negligible. 

Previous History of the Plates 

Variations of Capacity during Life. When the plates in a storage 
battery are new, there is an increase in the capacity during the first 
few cycles of charge and discharge, up to a maximum value beyond 
which the capacity becomes relatively constant and then gradually falls 
off. Thin plates reach their maximum capacity after a smaller number 
of cycles than thick plates, but beyond this point their decrease in 
capacity is more rapid. After the capacity of the plates has fallen to 
80 per cent of their initial capacity, they are considered worthless. 
During the later cycles in the life history of the plates, the decrease in 
capacity of the negative plates is caused i)rimarily by a decrease in 
the porosity of the material or shrinkage of the plate itself. The loss 
of capacity of the positive plates is caused by corrosion of the grids and 
loosening of the active material. In addition to these effects, however, 
there is a third effect arising from the wearing of the separators. As 
the separators become thinner and thinner, particularly the ribbed por- 
tions, the space available for the electrolyte next to the positive plate 
becomes inadequate, and the capacity of the cell may be limited by 
insufficient acid for the action of the i)ositive plate. 

Effect of Previous Discharges. The capacity of the plates is af- 
fected by the discharges immediately preceding. For this reason it is 
desirable to run a few preliminary cycles at the same rate of discharge 
as is to be used in a formal test. This hysteresis effect was o-bserved 
by Jumau^^ and has been confirmed at the National Bureau of Stand- 
ards. Jumau found that the capacity delivered at any given rate 
depends on the previous discharge. The capacity is- lower if the dis- 
charge has been preceded by a discharge at a higher rate, and it is 
higher if preceded by a discharge at a lower rate. Table 50 gives 
measurements on thin-plate airplane batteries illustrating this effect. 
There is also a sluggishness which is caused by inactivity for any con- 
siderable period of time. This may be overcome by charging and dis- 
charging the cells for a few cycles. 

L. Jumau, Sur la role do la diffusion dans le functionnement des plaques 
positives de Taccumulateur au plomb, Ueclair. elect., 16, 413 (1898). 
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Table 50. Hysteresis Effect 

(Avenige measurements on four thin-plate batteries showing the variation of 
capacity with changes in the rate of discharge.) 

Ampere-Hour 

Capacities 


Rate of Discharge 

Batteries 

1 and 2 

Batteries 
3 and 4 

5-Hour rate 

31.5 

65.9 

20-minute rate 

17.8 

41 6 

Subsequent discharges at this rate 

15.0 

31 7 

5-minute rate 

6 9 

14.7 

Subsequent discharges at this rate 

6 1 

13.0 

20-mintlte rate 

13 7 

32.2 

Subsequent discharges at this rate 
5-hour rate 

30 8 

63.9 

Subsequent discharges at the 5-hour rate 

31.0 

64.6 


CAPACITY OF EDISON BATTERIES 

Rating 

Edison batteries of types A, B, C, D, M, N, and F are normally 
rated at the 5-hour rate of discharge. The capacities for standard 
types and sizes of plates have been given in Table 10 in Chapter 2. 

Amount of Material within the Cell 

As with lead-acid batteries, the capacity of the Edison batteries 
is dependent on the amount of active material within the individual 
cells. The amount of nickclous hydroxide that is used in filling the 
tubes is about 4 times the amount theoretically required. Assuming 
the oxide of nickel, Ni 02 , to be the highest reaction product and the 
nickel oxide, NiO, to be the lowest, the reaction may be expressed by 
the equation 

NiO + 0 = NiOo 

Since the electrochemical equivalent of oxygen is 0.2984 gram per 
ampere-hour, it may readily be calculated that 1.3932 grams of NiO 
are required for the reaction. The NiO would require 124.12 per cent 
of its weight as the nickel hydrate, and, therefore, the amount of the 
nickel hydrate theoretically required is 1.729 grams per ampere-hour. 
Actually the amount necessary is much greater than this. 

Representing the reaction at the negative plate by the equation 

Fe + 0 = FeO 

the theoretical amount of iron required per ampere-hour is calculated 
to be 1.042 grams. The actual r mount used is about 5.5 times this. 
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The electrolyte of the nickel-iron type of battery does not change 
materially in chemical composition or density (considered as a whole) 
during charge and discharge. As will be shown later, the discharge of 
these batteries is terminated because of the exhaustion of the available 
active material of the positive plate, and not because of lack of elec- 
trolyte in the pores, as is true of the lead-acid type of battery. The 
capacity of the cell is ind(‘pendent of the amount of electrolyte it con- 
tains, ])rovidcd the ])lates arc covered. 

Effect of the Rate of Discharge 

The relation of capacity to the rate of discharge of Edison cells is 
(juite different from that of the lead-acid batteries. Nearly full ca- 
pacity of an Edison battery may be obtained, irrespective of the rate 
of the discharge, but the voltage will be lower if the current is higher 
than the normal rate. This effect is shown by the curvet of Fig. 70 
wdiich a]){)ly to a cell of the A ty])e. It will be observed that the 
capacity delivered at 180 ami)eres is api)roximately the same as the 



Fig. 70. Discharge curves of Edison type A cells at various rates subsequent 

to normal charge. 

capacity at 15 amperes, but the voltage at the terminals of the cell 
is very much lower. The active material of the positive plate, wdiich 
limits the discharge of an Edison cell, contracts during discharge. 
The pores of the plate are thus expanding during the discharging proc- 
ess and allow^ free access of the electrolye to the material. Although 
Edison batteries can deliver nearly full ampere-hour cai)acity even at 
high rates of discharge, there are practical limitations which make 
this effect of less importance than would otherwise ai)pear. In oper- 
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ating the motor on a truck, for example, it is necessary that the 
voltage at the terminals of the battery be maintained above a certain 
minimum value if the truck is to maintain its speed. 

If arbitrary final voltages arc assigned, it will be found that the 
capacity of the Edison batteries to those voltages decreases as the rate 
of discharge increases, in much the same way as was found with the 



Fig 71. Dischiirge characteristics of Edison nickel-iron-alkaline cells, type A, in 
fully active condition at rates ranging from the 8-hour to the 1-hour rate, all to a 
final voltage of 1.00 volt, per cell, temperature 80 to 85° F. 


lead batteries. (See Fig. 71.) The watt-hours delivered at high rates 
of discharge decrease as the rate of discharge increases because of the 
fall in the average voltage. 

Effect of Temperature 

The capacity of Edison batteries is decreased as the temperature is 
decreased. The relation does not, however, follow a nearly linear law 
as with lead batteries. The Edison batteries have a critical tempera- 
ture which varies with the rate of the discharge. Below this critical 
temperature the outjmt is small; above it, practically the full capacity 
of the battery may be obtained. The diminished capacity of the cells 
at low temperatures appears to be due to the temporary passivity of 
the iron electrode. Comparatively little information is available on 
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this subject, but a paper by Holland ^ 2 gives data for cells of the type 
A6 discharging at currents ranging from 15 to 75 amperes. The normal 
rate of discharge for this size of cell is 45 amperes. At the normal 
rate the critical temperature of the electrolyte is in the neighborhood 
of 2® C (36® F). For rates of discharge in excess of this, the critical 
temperature is higher, and for smaller rates it is lower. 

This critical temperature does not mean that Edison batteries can- 
not be used at atmospheric temperatures below the critical tempera- 
ture. The ohmic resistance during discharge produces sufficient heat 
to warm the cell appreciably and keep it above the critical temperature 
under ordinary conditions of operation. The cell will be operative 
although used at ambient temperatures much below the critical value, 
provided the temperature of the electrolyte within the cell does not fall 
below the critical value. 

Ventilation of battery compartments is desirable and in many instal- 
lations necessary for control of the temperature of the battery as well 
as to provide for the escape of gases. Edison cells are spaced in their 
trays so that air can rise between the cells if openings are provided 
in both top and bottom of the compartment. The amount of ventila- 
tion necessary will vary with the size of the battery, its average rate 
of discharge, and the ambient temperature. Truck and tractor bat- 
teries that are used principally indoors and batteries of mine locomo- 
tives should be provided with maximum ventilation. They operate 
in nearly even temperatures the year round. Street trucks and electric 
locomotives that are used outdoors regardless of low atmospheric 
temperatures should be provided with means to keep the electrolyte 
temperature within a satisfactory range. The ventilation must be 
sufficient to prevent excessive temperatures when the outside tempera- 
tures are high. It may be necessary to vary the amount of ventilation 
from one time of the year to another. As a result of tests on Edison 
batteries, Allcn^**^ recommended providing a ventilation area, in both 
top and bottom of the battery compartment, of 3 square inches for 
each A4 equivalent of battery capacity. As an example, if 21 cells of 
Edison A6 are used, the ventilation area in top andiDottom would be 

X 21 X 3 = 94.5 square inches. 

Higher than the normal operating limits of temperature may result 
in permanent loss of capacity if soluble iron compounds arc formed. 
Beside the loss of material at the negative plate, the iron in solution 

12 W. E. Holland, Effect of low temperature on the alkaline storage battery, 
Central Station, 11, 135 (1911). 

13 E. W. Allen, Ventilation oj Battery Compartments in Motive-Power Service, 
Edison Storage Battery Division, Thomas A. Edison, 1935. 
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may react with the nickel oxides of the positive i)lates and impair 
their capacity. 

Concentration of the Electrolyte 

The concentration of the electrolyte in the Edison cell is of less 
importance. The concentration docs not change during the charging 
and discharging of the cell but falls gradually over a long period of 
time. This decrease undoubtedly affects the rate of diffusion and also 
increases the resistivity. It is therefore advisable to renew the elec- 
trolyte when it has decreased to certain values, indicated in Chapter 3 

(p. 160). 

Previous History of the Plates 

The previous condition of the plates affects the capacity of Edison 
batteries in much the same way as with lead batteries. Sluggishness 
occurs when the battery is allowed to stand idle for a considerable 
period of time, or if the battery is operated for a long period of time 
at rates considerably below normal. This sluggishness is caused by 
the slow oxidation of the iron in the pockets of the negative plates, 
which may result in temporary passivity. The loss in capacity re- 
sulting from this effect may require several cycles of charge and 
discharge to overcome. A battery of the Edison type which has stood 
idle for 2 months should receive the following treatment in order to 
restore it to its former capacity. Discharge it at normal rate through 
a suitable resistance to zero voltage. Then short-circuit the cells in 
groups of not more than 5 cells for at least 2 hours. Charge again at 
the normal rate for not less than 15 hours and discharge at the normal 
rate again to 1 volt per cell. Follow this by a charge at the normal 
rate for not less than the usual time, after which the battery is ready 
for service. Normally the capacity of the battery will increase during 
the first 125 cycles to about 115 per cent of rated capacity and then 
decrease slowly until the electrolyte is changed, when the capacity 
should immediately be increased. The useful life is ended when ca- 
pacity falls below 80 per cent of the rated capacity. 

If Edison cells are to be idle for some time, it is advisable that they 
be discharged to zero voltage and short-circuited in groups of not more 
than 5 cells before being placed in storage. 

PLATE CAPACITIES 

In addition to determining the capacity of storage cells, it is some- 
times necessary to determine the capacity of the positive and negative 
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plates separately, as a means of locating faults in the operation of the 
cells. The capacity of the cells of both the acid and alkaline types is 
normally limited l)y the capacity of the positive plates. When the 
capacity or one or more cells in a battery is found to be below normal, 
and the cause cannot be attributed tc» faulty insulation, the trouble 
may often be found in the condition of the active materials. One or 
the other of the plate groups may be only partially charged, although 
the battery as a whole is supposed to be fully charged. The nickel- 
iron batteries occasionally show inequalities in the plate capacities 
which may be due to periods of inactivity or to the materials. 

The capacity of the positive and negative plates may be deter- 
mined separately by the use of a constant auxiliary electrode immersed 
in the electrolyte of the cell. It is necessary that this electrode should 
maintain a constant potential with respect to the solution, so that the 
changes taking place in the positive and negative plates may be meas- 
ured by the potential differences against this electrode. 

Auxiliary Electrodes 

A number of different electrodes have been proposed, but the one 
most generally used for the lead-acid batteries has been the cadmium 
electrode. The hydrogen and the mercurous sulfate electrodes are 
more accurate for laboratory purposes, but they are not well adapted 
to ordinary field testing. 

The Hydrogen Electrode. This gas electrode consists of hydrogen 
gas absorbed in a layer of i)latinum black, which may be deposited 
on one of the noble metals, such as gold or platinum. When the elec- 
trode is immersed in a solution containing hydrogen ions, a difference 
of potential exists between the solution and the electrode. This dif- 
ference depends on the concentration of the hydrogen ions in the 
solution. To maintain this potential difference constant at a standard 
value, the electrode is partly dipped in a solution having a. known 
concentration of the hydrogen ions, such as a normal or a tenth-normal 
solution, and a stream of purified hydrogen is passed over its upper 
surface continuously. We cannot measure directly the difference of 
potential that exists between the electrode and the solution, but we 
can easily measure the difference in potential between the hydrogen 
electrode and another electrode with which it is in electrolytic contact. 
As the basis for an arbitrary scale, the potential of the electrode in a 
solution that is normal with respect to the hydrogen ions is usually 
assumed to be zero. With such an electrode as a standard, it is pos- 
sible to measure the progressive changes that take place in the potential 
of the plates of an acid storage battery. For details of the hydrogen 
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electrode and its use, reference should be made to Clark’s Determina- 
tion of Hydrogen Ions, 1928. 

This electrode is adapted to use with the lead-acid batteries, because 
the solution used with it may be sulfuric acid which cannot con- 
taminate the battery electrolyte in any way. The instrument is deli- 
cate and requires a potentiometer for measuring the voltage and a 
supply of hydrogen gas. It is, therefore, not readily portable. 

The Mercurous Sulfate Electrode. This electrode is also suitable 
for use with the lead-acid storage batteries. The cell consists of pure 
mercury covered with a layer of pure mercurous sulfate and a solution 
of 1.250 sp. gr. sulfuric acid. This electrode, like the hydrogen elec- 
trode, is intended for laboratory use only. The constancy of this 
electrode may be judged from the fact that it is similar to the positive 
limb of a standard cell. 

The Calomel Electrode. In appearance and structure, this electrode 
is very similar to the mercurous sulfate electrode, but as the solution 
it contains is potassium chloride it is adapted for use with the nickel- 
iron storage batteries. It consists of a layer of pure mercury covered 
with mercurous chloride, commonly called ^^calomel,” and the solution 
of potassium chloride of a definite concentration. In using either of 
these electrodes, the end of the glass tube of the electrode is dipped 
into the electrolyte of the battery. 

The Cadmium Electrode. (Cadmium is a metal resembling zinc. 
It is usually obtained in sticks about {\, inch in diameter, which is a 
convenient shape for the electrode. Pieces from one to several inches 
in length are used. The electrodes arc prepared for service by keeping 
them immersed in sulfuric acid solution of about the strength used 
in the batteries. It is necessary that new electrodes should be in the 
acid for several days before being used to measure plate potentials. 
The sulfuric acid corrodes the surface of the electrode, and an ecpii- 
librium state is eventually reached. 

The cadmium must be insulated so that it cannot come in contact 
with the plates of the cell, but at the same time the electrolyte of the 
cell must have free access to the cadmium. A perforated rubber 
separator from a storage cell is suitable for making the necessary cover 
for the electrode. A flexible wire for connection is attached to the 
cadmium. Readings are taken when the current of the battery is 
flowing, usually on discharge, but sometimes on charge also. The 
readings are meaningless if the cell is on open circuit. 

The cadmium electrode is reproducible to about 0.02 volt if precau- 
tions are taken. It will remain constant during several hours to within 
0.01 volt but may vary from day to day by 0.02 volt. Amalgamation 
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of the electrode, which is often recommended, does not improve its 
reliability. If the electrode surface becomes dry, it must be soaked 
in the acid for at least | hour before being used again. The electrode 
should be immersed in the electrolyte so that as much as possible of 
the cadmium surface may be wet, to avoid polarization. 

The greatest error in the use of the cadmium electrode, as found 
by Holler and Braham, is due to polarization. The ordinary volt- 
meter of low voltage range has from 100 to 300 ohms resistance. When 
such an instrument is used it permits sufficient current to flow to 
polarize the cadmium electrode. The error thus introduced may 
amount to 0.1 volt, which would lead to false conclusions about the 
condition of the negative plates. The polarization of the electrode is 
proportional to the potential being measured. It is, therefore, many 
times greater in measuring the potential of the positive plates than 
the negative plates, because the potential difference of the electrode 
and the positive plates is about 2 volts, while the difference between 
the electrode and the negative plates is only one-tenth as great. The 
error may be avoided entirely by measuring the voltage on a potenti- 
ometer or a high-resistance voltmeter. Such voltmeters may be ob- 
tained with a resistance of 3000 ohms and a special scale of 
0.25 — 0 — 2.65 volts. In the absence of such means for measuring the 
voltage, the best procedure is to measure the potential of the negative 
plates, and from this and the cell voltage calculate the potential of the 
positive plates. This is easily done, since the potential of the positive 
plates is the algebraic difference of the cell voltage and the potential 
of the negative plates. Metallic impurities in the electrolyte, if they 
are electropositive to cadmium, may lead to false indications of the cad- 
mium electrode. Copper, which is often found in small amounts in 
storage-battery electrolyte, is an example of this class of impurities. 
The copper will de{)osit on the cadmium when it is put into the electro- 
lyte and alter its potential. Reliable readings of the plate potentials 
can only be obtained with care, and it is essential that the conditions 
of the experiment be understood to avoid drawing false conclusions in 
some cases. Zinc is sometimes used in place of calimium. It is not 
recommended for lead-acid batteries but may be used in the alkaline 
type. 

Plate Potentials during Discharge and Charge 

Lead-Acid Cells. The voltage of the cell is dependent on the poten- 
tials of the positive and negative plates with respect to the solution. 

H. D. Holler and J. M. Braham, The cadmium electrode for storage-battery 
testing, Nail. Bur. Standards 7'echnoL Paper (1919). 



Capacity 


237 


Since these potentials may vary independently, there are a number of 
possible combinations of plate potentials that will give any particular 
cell voltage. For example, if a group of three cells is measured with 
a cadmium electrode when each cell has reached its cut-ofif voltage of 
1.8 volts, the following values may be found: 


Cell 1, Positive plate 2.101 
Negative plate 0.30 J 


Cell voltage 


1.80 


Cell 2, Positive plate 2.001 
Negative plate 0.20/ 


Cell voltage 


1.80 


Cell 3, Positive plate 1.951 
Negative plate 0.15/ 


Cell voltage 


1.80 


These results require interpretation in the light of the cell’s rated 
capacity and normal performance. The values of the potentials vary 
with the rate of the discharge, the concentration of the electrolyte, and 
to a less extent with other factors also. It must be assumed that the 
voltage drop within the cell, which is equal to the product of the current 
and the resistance, IR, is negligible. If I is not too large this will be 
so, since R is small. 

Considering the example given above, the plate potentials of Cell 1 
show that the negative plate has reached the limit of its capacity 
before the positive plate is fully discharged, or, in other words, the 
discharge has been terminated by the negative plate, which is not 
normal. 

In considering the values for Cell 3, it is necessary to know whether 
the cell gave its rated capacity before reaching the final voltage 1.80. 
If it did not, the potential readings indicate the positive plates to be 
deficient in capacity. Although the plate potentials near the end 
of the discharge are the most important, it is desirable to take the 
readings throughout the discharge at frequent intervals and from them 
to plot curves. The values for Cell 2 are about normal for a cell in 
good condition. 

Figure 72 shows in a graphical way the relation of plate potentials 
of a cell of the lead-acid type. The curves show that the capacity 
of the negatives exceeds that of the positives. They also show that 
very satisfactory agreement may be obtained between measurements 
of the plate potentials obtained by the hydrogen electrode, the mer- 
curous sulfate electrode, and the cadmium electrode. In order to 
superpose the determinations of these three electrodes, it has been 
necessary to displace the zero reference line for each by an amount 
equal to the difference in potential of the several electrodes. When 
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tills is done, the observed values fall on the same curves with a high 
degree of accuracy. 

When lead cells are charged, the relations of the plate potentials 
are somewhat different. In particular, the potential of the negative 
plate should reverse toward the end of charge, the lead sponge becom- 
ing negative with respect to the cadmium by about 0.20 volt. When 
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of the plates. 


this occurs the voltage of the cell becomes greater than the potential 
of the positive plate. At the end of charge, the plate potentials are 
about as follows: 

Positive plate 2.50\^ ,, .. ^ 

Negative plate -0.20^"'^ 2.70 

In old cells it is sometimes difficult to make the potential of the nega- 
tive plate reverse because of antimony, which accounts for the lower 
charging voltages of old cells. 

Edison Cells. The capacities of the positive and negative plates 
of the nickel-iron batteries may be determined by the use of auxiliary 
electrodes in much the same manner as has been described for the 
lead-acid batteries. Suitable electrodes are the calomel electrode, for 
use in the laboratory, or a section of a positive tube taken from an 
alkaline battery. Connection to this electrode should be made by the 
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same kind of metal as used for the support of the active material, or 
else the tube should be made long enough to project out of the liquid. 
The electrode must be insulated so that it cannot touch the plates. 
For this purpose a perforated rubber sheet is suitable. 

Since it was shown, in the section on the theory of the alkaline 
batteries, that the positives suffer a sjamtaneous decomposition of 
the nickel peroxide to a lower state of oxidation after the charge is 
completed, it is necessary to discharge partially the intermediate elec- 
trode (tube) after charging it, in order to bring it to a stable state. 
In addition to this precaution, it is also desirable to season the elec- 
trode by allowing it to stand in the battery electrolyte for a day or 
two before use. 

The decrease in voltage of the F>di.son cell during discharge is caused 
almost entirely by the fall of potential of the positive plate if the cell 
is in normal condition. The potential of the iron i)Iate falls slightly 
at the beginning of discharge to a value which remains practically 
constant throughout the remainder of the discharge. If the active 
material of the negative plate is .sluggish, however, the negative plate 
may limit the capacity of the battery, as can easily be determined by 
single potential measurements. 
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Operation 

METHODS OF CHARGING > 

Direct current alone can be used for charging. If alternating cur- 
rent only is available, it must be converted into direct current. This 
can be done by means of: (1) synchronous converter, (2) motor- 
generator, or (3) rectifier. 

There are two basic systems of charging in general use: (1) constant- 
current, and (2) constant-potential or constant-voltage. The latter 
method is usually modified slightly by the addition of a fixed resistance 
of small value in series with the battery in order to limit the starting 
or inrush current and to improve the finishing rate. Such a system 
is called a semi-, or modified, constant-potential system. 

The positive terminal of the charging source is to be connected to 
the positive terminal of the battery so that the charging current flows 
through the battery in the direction opposite to that of the discharge 
current. 

Constant Current 

In the constant-current system, as the name implies, the current is 
held constant by means of a rheostat in series with the battery or by 
controlling the voltage of the source. 

The current is maintained at the normal rate by adjusting the rheo- 
stat, cutting out or decreasing the resistance as the charge progresses. 
This increases the voltage impressed on the battery. The value of the 
current flowing through the battery is dependent upon the difference 
between its voltage and that impressed on it. 

1 J. L. Woodbridge, Storage-battery charging, Trans. Am. Inst. Elec. Engrs., 54, 
616 (1935); R. A. Harvey, The automatic control of lead-acid-battery charging 
equipment, Proc. Inst. Elec. Engrs. London, 96, 607 (1949) ; F. Dacos, Rev. univer- 
selle mines, 2, 3 (1946), Abstr., Eng. Digest, 3, 291 (1946); J. D. Huntsberger, 
Storage-battery charging, Plant Eng., 3, 43 (August 1949) ; Recommended Speci- 
fications for Automatic Battery-Charging Equipment for Industrial Truck Motive- 
Power Service, Electric Industrial Truck Association, Long Island City, N. Y., 
1949. 


240 



Operation 


241 


Let the impressed voltage = E; the current flowing at any chosen 
instant *= I; the counterelectromotive force of battery = Ed the resist- 
ance of the battery = R. Then 

E=-Er + IR 

Whence 

7= (E-E,)/R 

Therefore, when the voltage of the battery and the charging system 
arc the same, no current will flow; when the voltage of the battery is 
lower than that of the charging system, current will flow into the bat- 
tery and charge it; and when the voltage of the battery is higher than 
that of the charging system, current will flow out of the battery and 
discharge it. As the voltage of the battery increases gradually with 
the progress of the charge, it is apparent that the voltage im})ressed 
across its terminals must be increased in order to maintain a constant 
value for the charging current. For batteries of the lead-acid type, 
the specified current is maintained until all cells are gassing freely and 
then is reduced to a much lower value designated as the finishing rate, 
at which the charge is continued to the end. The value of the finishing 
rate for motive-power batteries is approximately 40 per cent of the 
8-hour starting rate. The ampere-hours required to produce free 
gassing of a lead battery at the normal starting rate of charge will 
be approximately 90 per cent of the ampere-hours previously dis- 
charged. Gassing may be expected earlier if the previous discharge 
was incomplete. When free gassing occurs the current should be cut 
down to the finishing rate and the charge continued until the battery 
begins to gas freely again. 

Figure 73 is a diagram of connections for a typical constant-current 
charging circuit. 

In order to obtain most efficient results with batteries of the lead- 
acid type, the voltage of the charging circuit should be approximately 
2.5 volts per celP at normal temperatures with current flowing at one- 
half the value of the finishing rate. When the voltage of the circuit 
exceeds this value, the maximum resistance of the rheostat must be 
sufficient to permit of a reduction in voltage to this value. It is desir- 
able that the ampere capacity be sufficient to permit a current value of 
four or five times the normal, to permit of boosting (see p. 253), pro- 
vided that the wiring of the charging circuit can safely carry that 
current. In a new installation, this condition can be provided for 

2 Batteries with organic expanders in the negative plates and batteries free from 
antimony or its effects will normally have higher final charging voltages by 0.2 
to 0.3 volt per cell. 
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readily. In modifying an existing installation, the current capacity 
of the rheostat need not exceed the safe current-carrying capacity of 
the circuit. 

The value in ohms of the resistance equals 

E - (BXC) 

D 

in which jR' = voltage of system; B = number of cells in battery; 
C =- volts i)er cell, a constant, 2.5 for all types and sizes of lead-acid 
cells; I) = 50 per cent of finishing rate in amperes for lead batteries. 


Potential ^ j 

Plug iii| 

3 Amp. Fuse 


Potential Bus 


-f Bus 


Source- Any direct current system 
of voltage greater than 2.50 volts per 
cell for lead-acid type or 1.84 volts per 
cell for nickel-«ron type. 

If source is 3-wire, charging circuits 
are to be connected alternately to 
cither side. 


S. P. 200 Amp. Switch 


(A) 

>1 


! 


150 Amp. N.E.C. enclosed Fuse 




Battery Terminals 


wvviwv\v 


Rheostat 


Circuit Breaker 

100 Amp. S. P, overload- unJcsrload 
— Bus 

Fig. 73. Battery-charging circuit, constant -cur rt'nt method. 

A, ammeter; V, voltmetcn*. 

Example. Assume a 17-plate truck battery of 24 (;ells having a normal 
charging rate of 45 amperes and a finishing rate of 18 amperes; charging 
circuit 110 volts. 

Resistance in ohms equals 

110 -(24X2.5) 

9 = 

The current capacity equals 

5 X 45 = 225 amperes. 

Such a rheostat, unless properly designed, would be large and ex- 
pensive. The excessive capacity may be reduced by designing the 
variable portion so that at each step the current-carrying capacity is 
just within the safe limit. A simpler arrangement, which would pro- 
vide for the boosting current and also permit sufficiently good regula- 
tion for charging under ordinary conditions, could be made as follows: 
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Ten fixed resistances, each connected as required between the bus and 
the battery by a single-pole switch, are arranged so that the first three 
switches would connect in 6 ohms each ; the next three, 3 ohms each ; 
and the seventh to the tenth switches, 1.5 ohms each. This rheostat 
would provide, under the conditions given in the example, a maximum 
current of 210 amperes, and a minimum current of 8.3 amperes. The 
maximum kilowatt capacity when all resistances are in parallel would 
be 10.6 kilowatt, and the minimum capacity 0.4 kilowatt for the 
smallest charging current. 

Some leeway is allowable in the constancy of the current. A 
constant-current charge may for practical purposes be defined as one 
in which the starting amperes do not exced 120 per cent of normal and 
the finishing rate is not less than 80 per cent of normal, provided that 
the average throughout charge is equal to the normal rate specified by 
the manufacturer. 

Edison batteries are charged at the full normal rate, without reduc- 
tion to a finishing rate. The maximum resistance is required, therefore, 
at the beginning of charge when the counterelectromotivc force of the 
battery is a minimum, about 1.55 volts per cell. In using the above 
equation, C is taken as 1.55 and D as the normal charging rate. 

Final Charging Voltage 

The voltage of a storage battery rises during the charging period, 
reaching a maximum value when charge is complete. What this value 
will be depends on (1) the charging current, (2) the temperature, 
(3) the internal resistance of the cell, (4) the presence or absence of 
certain impurities in the electrolyte, (5) composition of the grid alloy, 
and (6) the presence of organic expanders in the negative plates. 

Constancy of maximum voltage is a better criterion, therefore, than 
any particular value when one wishes to determine that charging is 
complete. There are other means of judging when charge is complete, 
such as: (1) the specific gravity of the acid electrolyte, (2) the extent 
and uniformity of the gassing, (3) i)late i)otcntials, and (4) measured 
input in ampere-hours. Figure 74 shows the variation of final' voltage 
of the acid cells with temperature and rate of charge. These curves 
apply to a particular type of cell, but they illustrate the principles 
involved and show the necessity of temperature compensation if voltage 
relays are employed to terminate the charge of a battery. 

There is a critical temperature for charging lead-acid batteries at 
about 120° F, where the charging current becomes unstable and may 
sometimes rise out of control to the detriment of both battery and 
charging equipment. 



244 


Storage Batteries 



Fig. 74. Final charging voltages at various rales and temperatures, lead-acid 
batteries. The interval between curves is 0.0035 volt per ®F. 

Ampere-Hour Law 

Because the lead-acid storage battery in a normally discharged state 
can absorb electrical energy very rapidly without overheating or exces- 
sive gassing, it is possible to begin charging at a high rate of current, 
usually much in excess of the so-called normal or starting rate of charge. 
In fact, the term ''starting rate'^ for lead-acid batteries is rapidly dis- 
appearing from use, but finishing rates are a matter of importance. 
The practical limitations to the rate at which a battery can be charged 
are (1) temperature rise to excessive values and (2) excessive gassing. 
These are matters of judgment, and a more definite answer is needed 
if we are to learn what is the shortest time in which a lead-acid battery 
can be charged. Woodbridge^ says: "As a result of numerous tests, 
it has been found that if the charging rate in amperes is kept below a 
value equal to the number of ampere-hours then out of the battery the 
conditions as to gassing and temperature will be met.'^ That is, if 
200 ampere-hours have been discharged, the charging rate may begin 
at anything less than 200 amperes, but obviously this must be progres- 
sively reduced so that the charging current in amperes is always less 
than the number of ampere-hours the battery lacks to complete 100 
per cent charge. This is known as the ampere-hour law. 

^ Loc. cit. 
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The older method of constant-current charging in two steps, begin- 
ning with a ^^starting rate^^ and ending with a ^‘finishing rate” com- 
plied substantially with requirements of the ampere-hour law but failed 
to make use of possibilities for most rapid charging. If charging is 
done at successively lower rates according to the ampere-hour law, the 
process is sometimes referred to as ‘^step method of charging.” Prac- 
tical limitations will dictate how many steps there shall be, but theo- 
retically for an infinite 
number of steps the charg- 
ing current follows an ex- 
ponential law expressed by 
the equation I = 
where I is the current in 
amperes, t the time in hours 
and A the number of am- 
pere-hours out of the bat- 
tery when charging begins, 
that is, when ^ = 0. Figure 
75 from Woodbridge’s pa- 
per shows that charging a 
battery in accordance with 
this law restores 90 per cent of the ampere-hours previously with- 
drawn in 2 hours and 20 minutes. Practical tests reported by him 
show that the minimum time for a complete charge, including 15 per 
cent overcharge, is about 4 hours. 

Because automotive batteries which are discharged can be recharged 
at high rates initially, many so-called ^Tast chargers” have appeared. 
These naturally have a strong appeal to the impatient public. When 
intelligently used with due regard for the limitations of temperature 
and hard gassing they may serve a desirable purpose, but it should 
be remembered that the charge put into the battery in 20 minutes 
or ^ hour is not a complete charge. According to Fig. 75, in ^ hour 
the most that can be given the battery is about 50 per cent of a full 
charge; the excess input is wasted in gassing. However, this amount 
is sufficient to enable the battery to perform its functions, and it should 
more gradually acquire the remainder of its full charge as the car is 
operated. Some types of fast chargers are described on page 253. 

Another method of controlling step charging is to reduce the current 
at intervals when the voltage across the cell equals a predetermined 
value as 2.35 volts. 

For batteries of the nickel-iron type, charging at constant current 
is carried on at the normal rate for the full period of time required. 



Fig. 75. Charging lead-acid batteries in ac- 
cordance with the ampere-hour law. 
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normally 7 hours, or until the voltage becomes constant, at a value 
usually between 1.8 and 1.9 volts per cell, the exact value depending 
on the temperature. As the specific gravity of the electrolyte of bat- 
teries of this type remains constant during charge and discharge, the 
only indications of complete charge are the condition of voltage as 
stated above and the length of time taken for the charge. If the bat- 
tery shows a temperature exceeding 46° C (115° F), it should be cut 
off immediately and allowed to cool. 

Constant-Potential 

In the constant-potential or constant-voltage method, the voltage 
is maintained at a constant fixed value per cell. The value of the 
initial, or starting, current of a completely discharged battery when 
first put on charge is much in excess of the so-called normal rate. 
During the charge, as the voltage of the battery gradually rises, the 
current falls off to a value much below that of the normal rate, and at 
the end of the charge it is below that of the finishing rate of the 
constant-current system. The average value of the current is about 
equal to that of the normal rate. 

For batteries of the lead-acid type, the maximum voltage for un- 
modified constant-potential charging should not exceed 2.35 volts per 
cell, and the minimum should not be less than 2.25 volts i)er cell. 

With the average voltage thus established at approximately 2.3 
volts per cell, a battery in any state of discharge may be put on charge, 
and it will automatically receive the proper charge without reaching 
the free gassing point or excessive temperature. Caution is necessary, 
however, as slight variations in the line voltage produce large variations 
in the charging current. The '‘modified'' constant-potential method 
of charging, described below, is a safer method. 

Modified Constant-Potential 

The very large charging current at the beginning of an unmodified 
constant-potential charge makes it necessary to limit the initial or 
starting current, and to accomplish this a fixed resistance of small value 
is placed in series with the battery. This is then known as a semi- 
constant-potential or a modified constant-potential system. 

In practice, when using the modified constant-potential method, the 
voltage at the bus may be kept constant at any value from 2.5 volts 
to 3.0 volts per cell, although 2.63 volts is the value commonly used 
in the United States for an 8-hour charge of lead-acid cells. In 
charging nickel-iron and nickel-cadmium batteries, the minimum bus 
voltage required is 1.85 volts per cell but may be as high as 2.30 volts. 
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Figure 76 is a diagram of connections for such a system with a three- 
wire supply. For a two- wire supply the connections are the same as 
shown on this diagram for circuit B, or between the two outside wires. 

Ai)plying the modified constant-potential method to charging lead- 
acid batteries, typical curves showing the relative changes in voltage, 
current, temperature, and specific gravity of the electrolyte are ob- 
tained, and these are illustrated in Fig. 77. In this example the bus 


•fSUB. 



Fig. 76. B.'ittcry-charging ciicuil, inodifiod constaiit-polcntial niothod. 
A, ammeter; V, voltnudc'r. 


voltage was 2.63 volts per cell, and the modifying resistance was 
0.0091 ohm. The charge was completed in 8 hours. At the beginning 
of the charge the battery counterelectromotive force was at its lowest, 
and consequently the initial charging current was at its maximum. 
This decreased as the battery voltage gradually increastal. After 2i 
hours the acid diffusing from the ])()res of the plates began to show 
its effect by increasing the specific-gravity measurements. This delay 
of several hours (and sometimes more) is important to notice, because 
to the unskilled this is often erroneously interpreted to mean that the 
battery is ^^not taking a charge.” Gassing began at about 4J hours, 
accompanied by a more rapid rise in the battery’s countervoltage and 
a corresponding fall in the charging current. The point 2.37 volts 
per cell is significant as being on the steep portion of the voltage curve 
and a suitable point for the operation of relays controlling the charge. 
After 7 hours the battery has received ampere-hours equal to its previ- 
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ous discharge, and the remainder of the time provides a small excess 
at the finishing rate. This is desirable and necessary, as it is a safe- 
guard against overdischarge on following cycles. 

In practice, automatic control is usually employed to terminate 
the charge. This may be the combination of a sensitive voltage relay 
and timing device or an ampere-hour meter. The voltage relay starts 



Fig. 77. Charging a motive-power cell (lead-acid type) by the modified constant- 
potential method. The bus voltage was 2.63 volts per cell, fixed 
resistance 0.0091 ohm. 


a timing mechanism when the battery voltage has reached a pre- 
determined value. The timer runs for a specified time, usually 2 to 4 
hours, and then opens a switch that terminates the charge. 

Conditions under which the modified constant-potential system may 
be employed vary, and it is necessary, therefore, to determine (1) the 
bus voltage available and (2) the proper modifying resistance accord- 
ing to the number of cells in the battery and their ampere-hour 
capacity. It is customary to base calculations on a battery of 100 
ampere-hour capacity at the 6-hour rate. Then the needed values can 
be determined from Table 51, as follows: The indicated bus voltage 
per cell is multiplied by the number of cells in series in the battery. 
The normal modifying resistance (and its maximum required value) 
is multiplied by the number of cells in the battery, and this product is 
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Table 51. Modified Constant-Potential Charging of 
Lead- Acid Batteries 


(Based on 100 ampere-hour capacity at the 6-hour rate; Specifications of 
The Electric Industrial Truck Association.) 


Hours 

Bus 

Resistance Values 
per Cell 

Ampere Rates 
per 100 Amp-Hr 

Control Adjustment 

Available 

Volts 

Voltage- 

Time 

Relay 

Amp-Hr 
Meter % 
Overcharge 

for 

Recharge 

per 

Cell 

Normal 

Ohms 

Maximum 

Ohms 

Start of 
Charge 

Resistor 

Capacity 

7.0 

2 60 

0 016 

0 027 

27 5 

32 5 

Hours 

2 5-3 0 

10 

7 5 

2 61 

0 018 

0.029 

25 5 

30 0 

2 5-3 0 

10 

8.0 

2 63 

0.022 

0.031 

22 5 

26 0 

2 5-3 0 

10 

8 5 

2 65 

0 026 

0 035 

20 0 

23 0 

2 0-2 5 

10 

9 0 

2.67 

0 030 

0 039 

18 5 

21 0 

2 0-2 5 

10 

9 5 

2.69 

0 034 

0 043 

T7 0 

19 5 

2.0-2 5 

10 

10 0 

2 72 

0 040 

0 049 

15 5 

17 5 

2 0-2 5 

10 

12.0 

2 84 

0 064 

0.073 

12 0 

13 5 

2 0-2 5 

10 

14 0 

3.00 

0 096 

0 105 

10 0 

11 .0 

2 0-2.5 

10 

16.0 

3 27 

0 150 

0 160 

8 5 

9 0 

2 0-2 5 

10 


divided by the number of hundreds of ampere-hours of battery rated 
capacity. 

For example, a 15-cell, 238-ampere-hour battery is to be charged 
in 8 hours at a bus voltage of 2.63 volts per cell. The required bus 
voltage is 2.63 X 15 = 39.45 volts, and the modifying resistance is 
(0.022 X 15)/2.38 = 0.138 ohm with a maximum adjustment to 0.195 
ohm. The ampere rate at the start of charge is given as the current 
per 100 ampere-hours capacity. In this example the initial amperes 
will be 22.5 X 2.38 == 53.6. 

Values of initial current are subject to changes in the bus voltage 
for which a tolerance of ±3 per cent is usually specified. The initial 
current will be higher than indicated when the bus voltage is above 
normal, and to allow for this the rating of panel wiring and equipment 
should be based on current corresponding to a bus voltage of 103 per 
cent of normal. This is covered in the specifications referred to on 
page 240. 

The ampere-hour meter is provided with a zero contact, a resetting 
device, and a fixed red hand set at the discharge limit. It should be 
adjusted to run slower on charge than on discharge. The meter can 
be connected in the battery circuit during discharge as well as during 
charge. If the ampere-hour meter is on the charging panel, the extent 
of the previous discharge must be determined by specific gravity read- 
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ings on lead batteries or by the charge test fork for nickel-iron or 
cadmium cells. 

For lead batteries, the higher the bus voltage the greater will be the 
loss in the resistance, with a decrease in efficiency and an increase in 
the length of time required for the charge. On the other hand, if the 
bus voltage is but little higher than that of the battery, the charging 
current will become more or less unstable and subject to considerable 
variation with changes in temperature of the battery and slight changes 
in the bus voltage. If the supply voltage is in excess of a value for 
which the charge can be completed in a specified time, counter cells 
may be used to reduce the voltage at the terminals of the battery to the 
])roper value. 

As the bus voltage and resistance are increased for the same number 
of cells in the battery, the charging current becomes more nearly (‘on- 
stant throughout the charge, thus approaching the constant-current 
method. 

For batteries of the nickel-iron type, the impressed voltage should 
not be less than 1.70 volts per cell. As with the lead-acid type, the 
voltage at the charging panel must be slightly high(‘r than this value. 
In practice tliis can be 1.84 volts or more, with best conditions usually 
about 2.00 volts per cell. When batteries of this type are to be charged 
from a modified constant-potential system, the resistance K is found in 
Table 52. 

Automatic Two-Rate Charging 

A more modern method of decreasing the time necessary for com- 
pleting the charge for lead cells when the bus or rectifier voltage is too 
high to permit this to be accomplished in the time available is to resort 
to ^Two-step charging.” The first step, using a low fixed resistance, 
permits high charging rates during the early part of the charge when 
the battery can absorb energy very rapidly. A higher resistance for 
the second step reduces the charging current to safe rates during the 
latter part of the charge. The change from first to second step is 
accomplished automatically by a voltage relay or an ampere-hour 
meter with auxiliary contact. 

The two-rate system is also well adapted to charging batteries when 
rectifiers are the source of current. When the bus or rectifier voltage 
is 2.70 volts per cell or higher and it is desired to complete charge in 
8 hours, the two-rate system should be used. 

When an ampere-hour meter is used, the position of the auxiliary 
contact is the determining factor in choosing the proper value of the 
external fixed resistance, because the current must be so chosen that it 
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Table 52. Modified Constant-Potential Charging of 
Edison Batteries 

(The fixed resistance to be placed in series with the battery is the product of 
the number of cells in the battery and the ohms per cell that are required 
for the type and the available bus voltage. Based on specifications of the 
Electric Industrial Truck Association.) 


Bus volts 

Initial rate, % of normal 
F'inal rate, % of normal 

1 84 
165 

65 

1.90 

155 

70 

2 00 
140 

78 

2.10 

128 

84 

2 20 
124 

86 

2 30 
120 

88 

Type 

of 

Cell 

Charge, 

Normal 

Rate, 

amp 

Fixed Resistances, Ohms per Cell, for 
Modified Constant-Potential Charge 

B1 

3 75 

|0 04000 

0 05600 

0 08270 

0 10933 

0.13600 

0.16267 

B2 

7 50 

02000 

02800 

04133 

05467 

06800 

08133 

B4 

15 00 

01000 

01400 

02067 

.02733 

.03400 

.04067 

B6 

22 50 

00667 

00933 

01878 

01822 

02267 

02711 

A4 

30 00 

00500 

00700 

01033 

01367 

.01700 

02033 

A5 

37 50 

.00400 

.00560 

.00827 

01093 

.01360 

.01627 

A(), C4 

45 00 

.00333 

.00467 

00689 

.00911 

.01133 

01356 

A7 

52 50 

.00286 

00400 

00590 

.00781 

00971 

.01162 

C5 

56 25 

00267 

00373 

00551 

. 00729 

00907 

.01084 

A8 

60 00 

00250 

.00350 

00517 

.00683 

.00850 

.01017 

C6 

67 50 

00222 

.00311 

.00459 

00607 

.00756 

.00904 

AlO 

75 00 

00200 

00280 

.00413 

00547 

00680 

.00813 

C7 

78 75 

.00190 

.00267 

00394 

.00521 

00648 

.00775 

A12, C8, D6 

90,00 

001 ()7 

00233 

00344 

00456 

.00567 

00678 

A14 

105 00 ' 

. 00143 ’ 

.00200 

.00295 

00390 

00486 

.00581 

CIO 

112 50 

00133 

00187 

00276 

00364 

.00453 

00542 

A16, D8 

120.00 

00125 

00175 

00258 

00342 

00425 

00508 

Cl 2 

135 00 

00111 

00156 

.00230 

.00304 

00378 

.00452 

A20, DIO 

150 00 

.00100 

.00140 

.00206 

.00273 

00340 

00406 

A24, D12 

180 00 

0 00083 

i 

0 00116 

0 00172 

0 00228 

0.00283 

0.00339 


will not exceed both the finishing rate and the requirements of the 
ampere-hour law at any time before the change to the lower rate. 
The low rate of charge, on the other hand, is determined by the finish- 
ing rate for the particular battery, regardless of the ampere-hour meter. 
The auxiliary contact on the meter will be at a certain number of 
ampere-hours on the scale or at a specified time if a time-relay is used. 

The factors involved in two-rate charging are: (1) the available bus 
voltage; (2) the time available for the recharge; (3) the number of 
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cells and 6-hour capacity of the battery ; (4) the method of controlling 
the change in rate. At the beginning of the charge part of the re- 
sistance in scries with the battery is shunted by a closed switch. 
Initial rate of charge is high but tapers off slightly. At a predeter- 
mined point the voltage relay or ampere-hour meter opens this switch, 
and the added resistance decreases the charging current until the final 
cut-off is reached. This system does mechanically what the modified 
constant-potential method does automatically as a result of the rising 
counterelectromotive force of the battery, but two-rate charging does 
what the other cannot do, it charges a battery in a relatively short 
time when the bus voltage is too high. 

The proper values of high- and low-rate resistors, their current- 
carrying capacity, the expected charging currents, and the settings for 
time or ampere-hour control have all been worked out and tabulated 
for a variety of bus voltages and available time for charging. These 
tables are very large, and it is unnecessary to reproduce them here 
as they arc readily available in the Recommended Specifications for 
Automatic Battery-Charging Equipment for Industrial Truck Motive- 
Power Service (page 240) and in publications of several of the battery 
manufacturers. 

Equalizing Charge 

As its name implies, an equalizing charge serves to correct any 
inequalities among cells of a battery that may develop in service. 
It is essentially a prolonged charge at the finishing rate or less. The 
frequency of giving equalizing charges depends on service conditions. 
For floated batteries once a month is usually often enough, and this is 
easily done by raising the bus voltage by several tenths of a volt per 
cell for a specified time. The longer the time the less increase in 
voltage is needed. For manually cycled batteries, one or more of the 
regular charges should be continued into an equalizing charge. A 
battery in daily use for operating a truck or tractor should receive an 
equalizing charge weekly. The time to terminate an equalizing charge 
is indicated when the hydrometer and voltage readings have been con- 
stant for several hours, usually 3, provided the charging rate has been 
held constant during that period. 

Equalizing charges tend to nullify the effects of deep cycling on 
negative plates, and some manufacturers recommend that the best 
means of maintaining either negative or positive plates in a really 
healthy condition is to submit them to occasional deep discharges with 
a full equalizing recharge. 

Once every 3 or 4 months, the voltage and gravity readings of each 
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cell should be recorded. These will serve as an indication of trouble 
within the cells, such as sulfation or leakage, if there is a progressive 
change of the gravity readings. 

The gravity of the individual cells should be adjusted to the proper 
value when the battery is first put in service or when it has been neces- 
sary to add electrolyte to any cell to replace electrolyte that has been 
spilled or otherwise lost. This should be done at the end of the equaliz- 
ing charge. If the gravity of the cell is too high, a portion of the elec- 
trolyte may be withdrawn with the hydrometer syringe and replaced by 
distilled or approved water. Similarly, the gravity may be increased 
by replacing the portion drawn off by electrolyte of 50 points higher 
specific gravity. Before the adjustment is considered complete, the 
equalizing charge should be continued in order to mix the electrolyte 
of the cell. The final value is shown by several consecutive constant 
readings at 15-minute intervals. The gravity should be adjusted to 
within 5 points, corrected for temperature, of the pro])er value. 

Equalizing charges are not required for Edison batteries if they are 
given the proper amount of excess charge over previous discharge 
on each cycle. When the specific gravity of the electrolyte for these 
has fallen to the limits set in Chapter 3 the electrolyte should be 
renewed. 

Boosting 

Under certain conditions, the ampere-hour capacity of the battery 
may be insufficient for the day^s work. In that event, charging at a 
high rate of current for a short time may be resorted to. Such a charge 
is known as ‘‘boosting’^ and is usually given the battery during the 
noon hour. Figure 78 shows the value of current, with time, to be 
used for boosting batteries of the lead-acid type. 

The so-called fast chargers provide what is in effect a boosting 
charge. For automotive batteries they generally provide a current of 
100 amperes initially, tapering to about 80 amperes. Some of these 
devices are time-controlled, and others are temperature- and voltage- 
controlled. The temperature is very important in this high-rate charg- 
ing, and the limit for the electrolyte is 125° F. For controlling charges 
when thermostatic control is not otherwise provided, small monitors 
are available. This device contains a thermostat set for 125° F which 
is immersed in the battery ^s electrolyte (center cell) and receives 
power from the cell itself to sound a loud buzzer and light a signal 
light when this temperature is reached. All vents of the cells should 
be in place and open, and the voltage across the battery terminals 
should not exceed 8.5 volts when 100 amperes arc flowing into the 
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battery. Batteries which have a high internal resistance owing to 
sulfation, low temperature, or other cause will exceed 8.5 volts unless 
the charging current is cut to a much lower figure. These should be 
given a slow charge for a long time. Cold batteries can be charged 
by as large a current as will not cause the voltage to exceed 8.5 volts. 



Example: If 160 ampere-hours have ht'en disehargc'd and hour is available 
for boosting, follow the dash lines in the direction of the" arrows. The proper 
value of the current to use is found to Ix' 107 amperes. 

Edison batteries of the nickel-iron type may be boosted, ])rovided 
the temperature of the inside cells does not exceed 46° C (115° F). 
The rates of charge recommended by the manufacturer are: 

5 minutes at 5 times normal rate. 

15 minutes at 4 times normal rate. 

30 minutes at 3 times normal rate. 

60 minutes at 2 times normal rate. 
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Frothing at the filler opening is an indication that the boosting has 
been carried too far. 

Trickle Charge 

A trickle charge, as the name iin})lies, is a continuous charge at a 
low rate sufficient to coinjiensate for the internal losses of the battery 
and suitable to maintain the battery in a fully charged condition. 
Low-rate charges are satisfactory for lead batteries provided the total 
amount of charge received by the battery is sufficient to cover the local 
action. Several applications have been made of trickle-charging. 
One of them is to put lead batteries in so-called 'Svet” storage. At 
regular intervals, the filling plugs should be removed and water added 
to the cells if necessary. At the beginning of the charge the specific 
gravity of each cell should be read and recorded, and this operation 
should be repeated at intervals. The charging current may then be 
reduced to the lowest limit that will keej) the specific gravity constant. 

The term trickle charge is also applied to very low rates of charge 
which are sufficient not only to compensate for the internal losses of the 
battery but to restore intermittent discharges of small amount. 

Trickle-charging may also be ai)plied to batteries of the Edison 
type. The recommended rate, dei)ending on the nature of the api)li(‘a- 
tion, may vary from 0.125 to 0.25 ampere per positive plate of the A 
type, and proportionately more or less for largc'r or smaller plates. 
The actual value of the trickle-charge rate ein})loyed in any particular 
case depends on the discharge rates to which the ])attery is subject. 
Higher trickle-charge rates are employed when discharges arc at tlie 
normal 5-hour rate or above, and the lower limit specified is applicable 
to batteries discharging at relatively low rates. If properly done, the 
capacity of a battery for discharge may be increased by such a 
[)rocedure. 

In addition to the trickle-charge rates si)ecified above, charging 
current must be provided to compensate for intermittent discharges 
which occur under service conditions. An excess of 10 per cent over 
the average discharge should be added for this ])ur{)ose. Allen’s** 
empirical formula for calculating the proper trickle-charge rate for any 
type of Edison battery, based on the higher limit mentioned previously, 
is as follows: 

^ 0.16) -h {D X 1.10) 

24 - ^ 

In this equation I is the current in amperes, C the rated ampere-hour 
Electrical Engineers’ Handbook, p. 7-28, Pender and Del Mar, 1949. 
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capacity of the battery, D the average number of ampere-hours dis- 
charged i)er day, and H the aggregate time in hours of discharge. It 
should be noted however that H must be small in comparison with 24, 
the number of hours in a day. Otherwise, the charging rates that 
would be calculated by the formula can no longer be regarded as 
trickle-charging rates. 

The Conditions for Floating 

A battery continuously connected to a bus is said to float when the 
voltage of the charging line is slightly greater than the open-circuit 
voltage of the battery (see Table 39) , and opposite in polarity. When 
a floating battery is connected to a line whose voltage is approximately 
equal to the open-circuit voltage of the battery, the battery will charge 
or discharge according as the fluctuations of voltage of the line rise 
above or fall below the battery voltage. 

A battery which is properly floated upon a power line will auto- 
matically take care of the power required for a fluctuating load, and 
the battery will be maintained in the fully charged condition. Storage 
batteries are commonly installed in power stations and substations to 
insure an uninterrui)ted supi)ly of current for the operation of control 
and protective equipment as well as for emergency lighting and other 
vital services. Such batteries often consist of 60 cells. 

Batteries of the “sealed-in-celF^ type of construction, with cither 
pasted plates or Plante positives, are used universally in the United 
States today, instead of any of the '‘open-cell” construction type. 
They are in installations principally in services of the telephone com- 
panies, of central generating plants, and with various types of equip- 
ment for signal operations, emergency lighting, circuit-breaker control, 
etc. These batteries arc seldom required to discharge very much of 
their capacity, and their charge is maintained by floating the battery 
across a very carefully voltage-controlled circuit, operating usually 
at not lower than 2.15 volts per cell nor higher than 2.18 volts. This 
voltage will seldom vary outside the limits of 0.01 volt from the desired 
mean volts per cell. 

The unsatisfactory experience occasionally reported from Europe 
when attempts were made to use pasted plate batteries in float service 
has led to the nearly exclusive use there of Plante cells in such instal- 
lations. The difficulty can probably be traced to lack of proper 
voltage regulation. The electric companies in the United States have 
paid meticulous attention to maintaining their power supply con- 
tinuously and uninterruptedly for long periods of time, with very small 
fluctuations in line voltage and with practically no variation in the 
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alternating-current frequency. The conversion equipment necessary 
for floating the batteries is located at the batteries and can be designed 
to reduce further any voltage variations to a minimum. It is pos- 
sible, therefore, in the United States to use the pasted-plate batteries 
in float service over long periods of time, and many thousands of such 
batteries are being so employed. 

Batteries containing calcium alloy grids arc used largely by the 
telephone companies in float service. The current they require when 
floating fully charged is ^ to | that needed by batteries with lead- 
antimony grids under comparable conditions. 

The amount of water that is necessarily added to each cell to main- 
tain the proper level of electrolyte bears a definite relation to the 
amount of overcharge and may, therefore, be used as a check on the 
correctness of the charging rate. Too much water indicates a rate 
higher than necessary. Manufacturers usually specify the maximum 
needed. 

Although nickel-iron batteries have a somewhat larger differential in 
voltage between charge and discharge, they are applied to floating 
services such as signal operations, alarm systems, and circuit-breaker 
control. 

System-Governed Charging 

The batteries charged in this way are, like the floated batteries, 
continuously connected to the electrical system. ^‘System-governed,” 
however, differs from floated methods in respect to the rather wide 
fluctuations between the state of full charge and partial discharge 
occurring more or less continuously. Charge and discharge are auto- 
matic and are governed by the schedule and adjustment of the 
system. A familiar example is the work of the automotive battery. 
It discharges to crank the engine, provide for ignition, lights, etc., until 
a certain engine speed is attained, when the control takes the load off 
the battery and transfers connections to a generator that charges it. 
The battery is then ready for the next discharge, 

CHARGING AND DISCHARGING LEAD BATTERIES 
Characteristics of Discharge 

Voltage. When a storage battery of the lead type begins to dis- 
charge, there is an initial drop in voltage, which may be attributed in 
part to the ohmic resistance of the battery and in part to the sudden 
decrease in concentration of the acid in the pores of the plates, which 
reduces the potential of the plates. This abrupt drop in voltage is 
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often followed by an almost equally abrupt rise in voltage. Such an 
effect may be seen at the beginning of the discharge curve in Fig. 79. 
No designation in English has been applied to this peculiar phenom- 
enon, but in French it is referred to as the coup de fouet (stroke of a 
whip) . This effect, which has been ascribed to various causes, is not 
alw^ays present. After the sudden decrease in concentration of the 



acid when discharge begins, the diffusion process is started and the 
stronger acid from outside the plates, diffusing into the pores of the 
plates, tends to restore the voltage. 

In addition to this effect, there may also be a gradual rise in voltage 
during the early stages of discharge, particularly if the battery has 
stood for some days since being charged. This is~ attributed in part 
to the decreased resistance of electrolyte as the temperature is raised 
and also to the decrease in concentration toward 1.225 sp. gr., for which 
the resistivity is a minimum. During the greater part of the discharge, 
the voltage falls slowly from a value approximately equal to the open- 
circuit voltage to about 1.8 volts. The decrease in voltage is caused 
by a decrease in the plate potentials, as the rate of diffusion of the 
electrolyte fails to keep pace with the consumption of acid within the 
pores of the plates; to a lesser extent it may be attributed also to 
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increasing resistivity of the electrolyte if the concent rat ion falls below 
a specific gravity of 1.225. Near the end of the discharge, the curve 
drops more abruptly; this point is known as the knee of the curve. 
It signifies that exhaustion of the cell is ai)proaching. The knee of the 
curve is less distinct in discharges at high rates than at low rates. 

The average voltage during discharge is a factor of importance in 
determining the amount of energy delivered by the battery. The 
average voltage is determined from the time integral of the voltage 
curve from the beginning to the end of discharge. The average voltage 
varies with the rate at which the discharge takes ])lace, with the type 
and construction of the cells, and also with the final voltage. Under 
normal conditions for motive-power batteries of the lead-acid tyj)e, tlie 
average voltages are approximately as follows: 

Multiple of 6-11 our Rate Volts per Cell 

94 to 2 00 

1 92 to 1 98 

2 87 to 1 94 

3 83 to 1 90 

5 75 to 1 83 

10 1 53tol 04 

Wide separation of the plates, abundance of (dectrolyte, and rela- 
tively low rates of discharge afford discharge curves with the most 
nearly flat characteristic. 

If the requirement for some specified service is a continuous discharge 
at a fixed current rate, the size of battery needed is easily determined 
in terms of the number of positive plates it should contain. However, 
if the duty cycle consists of discharges varying in amount or if the 
discharges are intermittent, the determination of the required capacity 
is more involved. Hoxie^ has described a convenient graphical 
method for solving such problems and dcveloi)ed a formula of general 
applicability. 

Temperature. The temperature of batteries of the lead-acid tyi)e 
rises slowly during discharge, but the effect is less than is observed 
when the same batteries are on charge at the same current. The reason 
for this has been pointed out in Chapter 4, where it was shown that 
there are two heat effects, one caused by the ohmic resistance and 
varying as the square of the current, and the other a reversible heat 
effect varying directly as the current. These two heat effects are 
opposed during discharge. The one resulting from the ohmic resist- 

^E. A. Hoxic, Some discharge characteristics of lead-acid batteries, Am. Insl. 
Elec. Engrs. Conjerence Paper, June 15, 1953. 
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ance of the cell generally overbalances the second heat effect, so that 
the temperature of the battery rises. Since the irreversible heat effect 
varies as the s(|uare of the current, the temperature rise will be greater 
when the rate of discharge is increased. 

Specific Gravity. The specific gravity of the electrolyte falls almost 
linearly during discharge, provided the discharge current is constant. 
The specific gravity of the electrolyte, therefore, affords a valuable 
means of checking the state of charge of the battery. If readings are 
taken for a time after the discharge has been stopped, it will be ob- 
served that there is a continued fall in specific gravity until the coni- 
centration of the dilute electrolyte in the pores of the plates has been 
equalized with the more concentrated acid outside. 

Characteristics of Charge by Constant-Current Method 

Voltage. When a storage battery is first put on charge, a sharp rise 
in the terminal voltage is noticed. This is probably to be ascribed to 
the sudden increase in concentration of the electrolyte as sulfuric acid 
is liberated in the pores of both the positive and negative ])lates. The 
diffusion processes then begin and check the rise in voltage. 

The curve representing the terminal voltage of the cell continues to 
rise gradually to the point which is designated as 100 per cent charge 
in Fig. 79. By 100 per cent charge is meant a charge equal in ampere- 
hours to the preceding discharge. In Fig. 79 the 100 per cent point is 
found at hours. The increase in the potential at the terminals 
during this period is caused by the increasing concentration of the acid 
within the cell. It cannot be accounted for on the ground of internal 
resistance, since it is well known that the internal resistance of a cell 
decreases during the charging period. 

At the time the 100 per cent charging point is reached, or slightly 
before, a more abrupt rise in the voltage is noted. This is due only 
in part to the increasing concentration of the acid within the pores. 
At this time, most of the sulfate that is readily available for the action 
of the current has been broken down and the concentration of lead ions 
in the electrolyte has diminished. A consideration "of the Nernst equa- 
tion, relating the potentials of the plates to the ionic concentrations in 
the electrolyte, shows that as the number of divalent lead ions is 
diminished the voltage of the battery is increased. Therefore, when 
the lead sulfate on the plates becomes exhausted and the lead sulfate 
ions in the electrolyte are diminished, the plate potential rises to a 
point at which decomposition of water will take place. This is made 
evident by the formation of gas, including both oxygen and hydrogen, 
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which escapes freely from the cell during the latter part of the charge. 
The gassing becomes free, as Fig. 79 indicates, at the end of about 
6 hours. If the charging rate is reduced at this time, the voltage of 
the battery is lowered and the gassing is decreased. 

Complications arise when charging batteries at extremely low tem- 
perature is attempted. Sometimes a battery will not accept charge, 
and it may be necessary to decrease the charging current to a value 
much below customary rates. The difficulty has been attributed to the 
slow rate of solution of the lead sulfate at these low temperatures. This 
results in a polarization that limits the battery’s ability to utilize the 
current. Previous activities of the battery influence its behavior on 
charge. Excessive charging currents supplied to very cold batteries 
may give rise to peroxidized products, including ozone and Caro’s acid, 
permonosulfuric acid, H 2 SO 5 . 

Experiments on positive plates at low temperature and negatives 
at normal temperature, or vice versa, in the course of experiments down 
to —50° C showed the effects^ on positives to be slightly greater than 
on negatives, which seems rather surprising when compared with the 
results reported on page 224. When both positives and negatives were 
at the lowest temperatures the terminal charging voltage was 2.96 volts. 
The presence of ozone around the positive plate is said to increase its 
potential, but there is some question about which is the cause and 
which the effect. 

Similarly cooling positive plates of nickel-iron batteries increases the 
potential at the end of charge more than for negatives. AVhen both 
nickel and iron plates were at the lowest temperature, —40° C, the 
final voltage was 2.04 volts per cell. No ozone was detected from the 
alkaline cells. 

Gassing. The point at which gassing of a storage battery begins 
while on charge is determined by the voltage, but the quantity of gas 
depends on the portion of current that is not absorbed by the battery. 
The gases liberated are oxygen, evolved at the positive plates during 
charge, and hydrogen, evolved at the negative plates. It is not 
uncommon, however, for one plate to begin gassing before the other, 
and therefore the gas liberated from a storage cell, in the early stages 
at least, does not always correspond to the proportions of oxygen and 
hydrogen that form water. The gassing begins when the voltage at 

®E. Briner and A. Yalda, Sur le fonctionnement aux basses temperatures de 
I’accumulateur au plomb et Taccumulateur au nickel-fer; values elevees des forces 
electromotrices en fin de charge, Helv. Chim. Acta, 25 y 416 (1942) ; see also their 
previous paper, 24, 109 (1941). 
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the terminals of the battery has reached about 2.3 volts per cell. 
Table 53, obtained from a test, shows that during the early stages the 
gas is composed of almost equal parts of oxygen and hydrogen, but 
as the charge approaches the end, when the voltage has risen to 2.5 
per cell, the gas has a composition of 2 parts hydrogen to 1 of oxygen. 

Since oxygen and hydrogen unite with explosive violence to form 
water, it is necessary that certain precautions be taken to avoid acci- 
dent. Open flames of any kind in a storage-battery room are not 
permissible, and suitable ventilation should be provided to prevent an 
accumulation of hydrogen. Four per cent of hydrogen in the at- 
mosphere is dangerous, and the concentration should be kept much 
below this figure. 


Table 53. Experimental Data on Gassing 
(Per Cent by volume.) 

Composition 

Gassing Hydrogen, % Oxygen, % 

None 

Slight 52 47 

Normal 60 38 

Hard 67 33 

Other gases are not to be expected under normal conditions but 
may be liberated if certain impurities are present. Haring and Comp- 
ton'^ detected small amounts of stibine in gases liberated during over- 
charge. 

A certain minimum current density is required for the formation 
of stibine, and for this reason it is not normally detected until over- 
charge begins. At this stage of the charge the voltage across the cell 
terminals is about 2.43 to 2.45 volts. The passing off of stibine during 
charge is a useful way of eliminating accumulated antimony from the 
surface of the negative plates. Reactions for arsine are probably 
analogous to those of stibine. The amount of stibine formed is not 
necessarily proportional to the amount of antimony that is in the active 
material of the negative plates, since it is the freshly deposited anti- 
mony that is the more effective. 

Carbon dioxide may be liberated, if organic matter is being oxidized. 

H. E. Haring and K. G. Compton, The generation of stibine by storage bat- 
teries, Trans. Electrochem. Soc., 6S, 283 (1935). 
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Chlorine in relatively large amounts may be liberated, if sea water 
enters the battery. This comes from the positive plates, which are 
discharged by the action of the sodium chloride with the formation of 
lead sulfate and sodium sulfate. 

Storage cells of the lead-acid type should not gas during discharge 
or when standing idle under ordinary conditions. There is, however, 
likely to be a slight liberation of hydrogen from the negative plates 
because of entrapped gas or local action that takes place when the cell 
is idle. It should always be presumed, therefore, that hydrogen is 
present within the space over the electrolyte, and precautions, neces- 
sary to avoid explosions, should be observed at all times. It is particu- 
larly dangerous to use a lighted match over the vent of a cell to see 
how high the liquid stands. 

Specific Gravity. The changes in specific gravity of the electrolyte 
during the charging period are shown by a curve in Fig. 79. The most 
noticeable fact about this curve is the very slow rise during the first 
2 hours. After this time the curve rises more rapidly, following in an 
approximate way the curve representing the ampere-hours of input. 
Toward the end of charge there is less lead sulfate available for 
conversion into sulfuric acid. The specific gravity reaches a maximum 
when no more sulfate is being converted into acid. 

The fact that the specific gravity is slow to rise at the beginning of 
charge is worth more than passing notice. Three hours or more may 
elapse before any significant increase is noted. Even the so-called 
fast chargers (see page 253) may not produce a noticeable change 
within the time that impatient observers expect, and the battery is 
often erroneously declared not able to take a charge, to be worthless, 
or to be a fit subject for trying some rejuvenator. 

Concentrated acid, as it is liberated from the pores of the plates, 
falls to the bottom of the cell. The rapid rise when the cell begins 
to gas freely is caused by the bubbles of gas stirring up the electrolyte. 
In a cell made as compactly as the motive-power type, for which per- 
formance curves are shown in Fig. 79, it is not possible for the acid to 
circulate throughout the cell as rapidly as it does in a cell of the 
stationary type with wider separation between the plates. 

Tapering-Current Charge 

In addition to charging batteries by the constant-current method, 
which has been described in the preceding section, it is possible to 
charge them by the modified constant-potential, or tapering-current, 
method. Characteristic curves are shown in Fig. 77, page 248. 
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Comparison of the Constant-Current and Constant-Potential Methods 
of Charging 

In Fig. 80, which is taken from an article by Woodbridge,® a com- 
parison of the rate of charging by the constant-current and constant- 
potential methods and its relation to the state of charge and the gas 
liberated is shown. It has been stated that charging takes place more 

Effect of Rate of Charging 
on the State of Charge and Gas Liberated. 

C.C. Charge 36 amp. C.P. Charge 2.25 Volts after 
2 hrs. Discharge at 30 Amperes. 



Fig. 80. Comparison of the constant-current and constant-potential methods of 
charging lead-acid batteries. 

rapidly by the constant-potential method during the early stages of 
the charge, but Fig. 80 applies particularly to a comparison of the 
two methods when the charge is nearly complete. A storage battery 
of 300 ampere-hour capacity, fully charged, was twice discharged to 
the extent of 60 ampere-hours and put on charge by the constant- 
current and constant-potential methods successively. The curves show 
that the rate of charging by the constant-potential method is slightly 
greater than by the constant-current method, but that the curve repre- 
senting the state of charge by the constant-current method lies above 
the state of charge by the constant-potential method, since the latter 
approaches full charge asymptotically. When the curve representing 

8 J. L. Woodbridge, Constant voltage charging and battery life, Ry. Elec. Engr., 
9, 6 (1918). 
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the state of charge by the constant-current method begins to deviate 
from the ampere-hours actually put in by this method, it will be noted 
that a marked rise in the curve representing the ampere-hours wasted 
in gassing begins, and that this curve becomes parallel to the curve 
of ampere-hours input. The physical significance of the parallelism 
of these curves is that all of the ampere-hours supplied to the battery 
are eventually used in the decomposition of water. The curve repre- 
senting the ampere-hours wasted in gassing by the constant-potential 
method shows that only a negligible part of the quantity of electricity 
passing through the cell is expended in this way. These curves also 
indicate that the constant-potential method of charging provides the 
maximum current input that the battery can absorb without waste of 
energy in producing gas. 



Time of Charge or Discharge in Hours 

Fig 81 . Curves of charge and discharge of an Edison cell, constant current 

at the normal rate. 

CHARGING AND DISCHARGING EDISON BATTERIES 

The characteristic curves for charging and discharging an Edison 
storage battery are given in Figs. 81 and 82. The discharge curve 
resembles that for the lead battery, but the fall in voltage is some- 
what more steep. The voltage curve on charge rises rapidly at the 
beginning and then more slowly until 5 hours have elapsed, after which 
the terminal voltage of the cell becomes constant at about 1.80 volts 
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per cell. No specific gravity readings are recorded, since the electro- 
lyte in these cells does not change in concentration. The temperature 
of the batteries rises markedly during both the charge and the dis- 
charge. In order to maintain Edison batteries in a state of maximum 
activity, the charging rate should be maintained at an average of the 
normal rate and should not be less than half the normal rate, but this 
does not preclude the use of trickle charging if proper application as 



Fig. 82. Modified constant-potential charging curves of an Edison cell. 

to size and type of cell and recommended rates of trickle charge are 
followed. Edison batteries gas throughout the entire period of charge. 

These cells may be charged by the constant-potential or tapering- 
charge method. It is necessary to maintain a sufficient cathodic polari- 
zation during charging to liberate hydrogen, in order that the iron may 
be properly activated. 

Table 54 gives the average voltages for discharge of various types 
of cell, and Table 55 gives terminal voltages for varying amounts of 
discharge at various rates of discharge. The values given in these 
tables are voltages at cell terminals with no allowance for connectors. 

It has been found that the life of alkaline batteries is prolonged by 
operating them at moderate temperatures. Charging them at high 
temperatures is more detrimental than discharging them when hot, but 
the latter may result in harmful reactions in extreme cases. At 50® C 
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Table 54. Average Voltage, Edison Cells 

(Computed for discharges of various types and sizes of cells in fully active 
condition at normal temperature to end voltages equivalent to 1.0 volt per 
cell at the normal rate. Normal rate for types A, B, C, and D is 5 hours. 
Based on cells giving 110 per cent of their rated capacity.) 


Multiples of 

Average 

Normal Rate 

Voltage 

1 

2 

1 27 

1 (normal) 

1.23 

2 

1.13 


1-04 

4 

0 94 

5 

0.85 


(122° F) slight gas evolution occurs from cells on open circuit as a 
result of local action. The gas is mostly hydrogen, which is produced 
by the attack of the elecdrolyle on the iron of the negative plate. 
Charging the batteries when they are hot results in diminished capacity 
on the succeeding discharge. Tlie largest immediate output is obtained 
by charging at a temperature of about 25° C (77° F) and discharging 
at 50° C (122° F), but it is wise to limit the upper temperature to 
about the same figure as for lead batteries, at most 46° C (115° F). 


Table 55. IOdison Cell VhmTAGus, Discharge 

(The voltages arc for various typos and sizes of cells in fully active condition 
discharging at multiples of the normal rate after normal charges and at normal 
temperatures. Normal rate for types A, B, C, and D is 5 hours. Based on 
cells giving 110 per cent of their rated capacity.) 


Per Cent of Q 0 I] Voltages for Discharges 

f^^ted Expressed in Terms of the Normal Rate 

Capacity 


Taken Out 

0 5 

1 (Normal) 

2 

3 

4 

5 

0* 

1.51 

1 47 

1 39 

1.31 

1.23 

1.14 

Of 

1.40 

1.42 

1 33 

1.25 

1.16 

1.08 

5 

1.38 

1.34 

1 25 

1.16 

1.07 

0.98 

10 

1 .35 

1.31 

1.22 

1.13 

1.04 

0.95 

20 

i 32 

1 27 

1.18 

1.09 

1.00 

0.91 

40 

1.28 

1 23 

1.14 

1.05 

0.96 

0.87 

60 

1 26 

1 21 

1.12 

1.03 

0.93 

0.83 

80 

1 24 

1.19 

1.09 

0.99 

0.89 

0.78 

90 

1.23 

1.17 

1 06 

0.96 

0.86 

0.74 

100 

1.20 

1.13 

1.01 

0.90 

0.78 

0.64 

110 

1.11 

1.01 

0.86 

0 73 

0 60 

.... 


* Immediately after charge, 
t After standing 6 hours. 
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The effect of temperature on the charging voltage of alkaline storage 
batteries (Edison type) is given in Table 56. 


Table 56. Effect of Temperature on Charging Voltage of 
Edison Batteries at Normal Rate of Charge 


Temperature 

Average 

Voltage, 

Maximum 
(Final) Voltage, 

°C 

°F 

V 

V 

2 

35 

1.88 

1.94 

13 

55 

1 81 

1.92 

24 

75 

1.76 

1.88 

35 

95 

1.70 

1.85 

46 

115 

1.67 

1.77 


The knee of the discharge curve in Fig. 81 marks the end of the 
useful discharge of the battery. Beyond this a second stage of dis- 
charge may be observed in certain types of alkaline batteries (not 
including Edison batteries) . Positive plates, except those containing 
graphite, do not contribute to this secondary discharge. Since the 
positive plate is normally the limiting factor, this second stage dis- 
charge is not of practical importance and should be avoided. 

The operation of alkaline batteries can be controlled by voltage 
measurements on a pilot cell when discharging through a predetermined 
resistance. Comparisons of the readings are made with a table to 
determine the approximate state of charge of the battery. The instru- 
ment used is the “charge test fork.” 

The error in estimating, the state of charge by such measurements 
is no greater than the error in determining the state of charge of lead 
batteries by specific-gravity readings. Table 57 gives the approximate 


Table 57. Edison Cell Voltages, Charge 
(The voltages are for cells charging at the normal rate.) 


Percentage of 
Rated Capacity 
Remaining 
0 
50 
100 


Cell Voltage 


35° F (2° C) 

75° F (24° C) 

-115° F (46' 

1.64 

1.57 

1.48 

1.88 

1.7.3 

1.64 

1 94 

1 88 

1.77 


steady voltages per cell that may be expected when the battery has 
been on charge for a few minutes at the rate which is normal for the 
particular type of battery. The data in this table are reasonably con- 
sistent with the curves in Fig. 81 if interpolation is made for the tem- 
perature. Ampere-hour meters connected in circuit with the batteries 
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are the most satisfactory means of terminating the charge. Lacking 
such instruments, however, recourse may be had to voltage measure- 
ments when the batteries are charging at specified rates and tempera- 
tures. 

CHARGING AND DISCHARGING NICKEL-CADMIUM 
BATTERIES 

Nickel-cadmium cells may be charged at constant current, constant 
potential, or modified constant potential. Evolution of gas begins at 
about 1.47 volts, usually at the end of hours when charging is 
timed for completion in 7 hours. The final charging voltage is 1.75 
volts per cell, and the required line voltage is 1.85 volts per cell. The 
limiting temperature for good operation is 115° F (45° C) measured 
in the electrolyte. Charging should be discontinued if this temperature 
is reached. 

Some variation in the charging procedure is permissible. For ex- 
ample, a cell of 100 ampere-hour capacity charged at constant current 
normally for 7 hours at 20 amperes may be charged at 14 amperes for 
10 hours or at 10 amperes for 14 hours. The floating charge voltage 
is 1.40 volts. Trickle-charge rates are adjusted at voltages between 
1.40 and 1.45 per cell according to the need. Boosting, as applied to 
discharged cells, is permissible at the following rates: 

5 times the normal 7-hour charge rate for 5-10 minutes 
4 times the normal 7-hour charge rate for 10-15 minutes 
3 times the normal 7-hour charge rate for 15-30 minutes 

Discharging the cells at ordinary rates, 3 to 10 hours, should be 
terminated when the voltage per cell falls to 1.00 to 1.10 volts. At 
very low rates of discharge the final voltage should be 1.20 to 1.25 
volts. Heavy discharges are permissible for short duration such as 
engine starting or emergency switch operation. At such times the 
terminal voltage will fall far below the limits mentioned above, but 
that will not be harmful if not long continued. In general the nickel- 
cadmium batteries are not intended for cycle service. 

Characteristic curves of charge and discharge for cells of the type 
S are shown in Fig. 83. It will be noted that the general shape of the 
charge curve is more like that of lead-acid batteries than of the Edison 
type of alkaline cells, which is characterized by a steep rise in the 
terminal voltage in the early stages of charge. To determine the state 
of charge of a nickel-cadmium cell, it is necessary to measure the 
terminal voltage when the cell is discharging at a 5-hour rate. Com- 
parison may then be made with the discharge curve in Fig. 83. The 
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state of charge cannot be inferred from specific-gravity measurements 
of the electrolyte. 

Curves showing operating characteristics of these cells are generally 
applicable to various sizes of cells, since they are based on the per- 



On Discharge 

Fig. 83. Relation of voltage to state of charge of nickel-cadmium cells. A 
7-hour charge current equals the normal 5-hour discharge current. 



0.05 C 0.15 C 0.25 C 0.35 C 045 C 0.55 C 

Discharge Current, Amperes 

Fig. 84. Discharge characteristics of nickel-cadmium cells, type S. C equals 
rated capacity in ampere-hours at the 8-hour rate. The discharge current 
in amperes is expressed in terms of C. 

centage of charge or discharge in Fig. 84 and on decimal fractions of 
C, the rated capacity of the cell in ampere-hours at the 8-hour rate. 
The discharge current in amperes is then numerically equal to the 
indicated fraction of the ampere-hours. 
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Figure 84 gives the capacity available at various rates of discharge 
to the indicated final voltages. These curves apply to the type S 
Nicad cells. Further data relative to the voltage characteristics at 
high rates of discharge for type S cells are given in Fig. 85. The 
average voltage on discharge at normal rates is about 1.2 volts per cell. 

Batteries that are to be inactive for a few months should be given 
a full charge for 7 hours, the electrolyte checked for specific gravity 



Fig 85. High-rate discharge characteristics of nickel-cadmium cells, type S. 


(to be at least 1.190), and several intercell connectors removed to 
eliminate stray currents. The battery can then be stored in a cool, 
dry place. For long periods of inactivity, trickle-charging at 1.40 volts 
per cell is recommended. 

CHARGING EQUIPMENT 

Except when direct- current bus bars of suitable voltage are provided 
for battery charging, the charging equipment will ordinarily include a 
motor-generator set, synchronous converter, or rectifier, to provide 
direct current at the proper voltage. Standard specifications for auto- 
matic battery- charging motor-generators, rectifiers, and panels are 
available.^ 

® Recommended Specifications for Automatic Battery-Charging Equipment for 
Industrial Truck Motive-Power Service, Electric Industrial Truck Association, 
1949. 
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Selecting Equipment 

It is not within the scope of this book to give a detailed description 
of motor-generator sets but rather to give such general information as 
may be required to plan the equipment in any particular case. 

Battery Data. The batteries that are to be charged must be classi- 
fied according to the number of batteries of each kind, the number of 
cells in each battery, the type of the battery, whether of the lead-acid 
or of the alkaline type, the capacity of the cells, and the purpose for 
which they are used. It is also necessary to know the maximum num- 
ber of batteries which will be charged at one time, in order that the 
proper type and maximum capacity of the charging equipment may be 
chosen. 

Charging Control. The rate of charging will ordinarily be deter- 
mined by the type and size of the batteries. If it is necessary to give 
the cells boosting charges, this fact should also be taken into account 
in computing the maximum capacity required of the charging equip- 
ment. 

The method of charging, whether constant-current or constant- 
potential, must be chosen in advance, since generators and auxiliary 
equipment of somewhat different characteristics are required for these 
methods. Generators for constant-current charging are ordinarily of 
the shunt-wound type with drooping characteristic. Hand regulation 
capable of reducing the terminal voltage of the machine is usually 
provided. 

The trend in industry is to automatic control of battery charging. 
The modified constant-potential method is generally applicable to both 
lead-acid and nickel-iron batteries and is preferred because of its 
simplicity and freedom from the necessity of manual control. For 
charging one battery a shunt-wound type of generator, having suitable 
voltage characteristics, is used, but, if more than one battery is to be 
charged from the same generator at constant voltage, a flat-com- 
pounded generator is necessary. A voltage regulator is sometimes 
applied to the shunt field to provide uniform voltage regardless of 
temperature and load conditions. Each battery is connected to the 
charging source through a single fixed resistor. Batteries are removed 
from the line automatically as each finishes, and the generator is shut 
down automatically when the last battery is charged. In the event of 
power failure, the generator is disconnected from the batteries. This 
is quite necessary, but when the supply is restored the motor-generator 
is restarted and charging resumed. 

For floating charge, the diverter pole generator, described by 



Operation 273 

Smith, has found wide use, particularly in telephone offices and 
unattended substations. The generator maintains constant voltage 
from low loads to its full rated capacity, beyond which the voltage 
droops sharply. This transfers excessive current demands to the bat- 
tery. Suitable voltage characteristics are obtained by placing the 
series windings on intermediate or diverter poles between the main 
poles and by the use of a magnetic bridge. By properly proportioning 
the shunt and series windings the flux in the armature can be made to 
vary with the load. The diverter poles and magnetic bridges also have 
an important function in stabilizing the machine in the event it should 
run as a motor during power interruption. 

Similar characteristics can be obtained with regulated constant- 
potential rectifiers, which provide substantially constant voltage from 
small loads to full load and a drooping characteristic beyond full load. 

Grouping Batteries. The small batteries, particularly those for 
starting and lighting service, may be grouped in several different ways 
during charging. The most advantageous grouping will depend upon 
the capacity and the number of cells in each battery. With low- 
voltage batteries of 6, 8, and 12 volts, there is a clioice of connecting 
them in parallel, in series, or in a combination of series and parallel. 
It is practical to charge these batteries in series up to bus-bar voltages 
of 115 volts, but higher voltages are not recommended for use in 
service stations, where the floors are often wet and the insulation not 
of the best. 

Sectional Panels. Charging equipment can be obtained in the 
form of sectional panels, which are designed for any practical condi- 
tions or method of charging. The sectional panels include incoming 
line sections, generator control sections, and charging sections with 
resistors both variable and fixed, voltmeters and ammeters, overload 
and underload circuit breakers, ampere-hour meters, reverse-current 
cutouts and fuses. If a proper selection of control panels is made, a 
convenient charging switchboard may be easily arranged. Several 
sections of control panels are shown in Fig. 118. These were designed 
originally for tests of aeronautical batteries, but they can be used also 
for automotive and similar, smaller types of batteries. 

Rectifiers 

A rectifier is essentially an electrical check valve which converts 
alternating current into unidirectional current by providing a low 
resistance path for the flow of current in one direction but interposing 

E. D. Smith, The diverter pole generator, 7. Am, Inst. Elec. Engrs., 4^, 11 
(1928). 
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a high or infinite resistance when current would tend to flow in the 
other direction. Rectification may be accomplished by the use of 
mercury arcs, electrolytic valves, ionized gases, or synchronous switches, 
or by the flow of electrons across the junction of certain metals and 
semiconductors. The semiconductors include oxides and sulfides 
formed on the surface of copper, and selenium which is spread on a 
surface of iron or nickel. Whatever the method, a pulsating direct 
current is produced which can be used for battery charging without the 
necessity of ‘‘smoothing” it. The process of battery charging is gov- 
erned by Faraday’s law, and the electrochemical reactions which occur 
during an infinitesimal interval of time, dt, are, therefore, proportional 
to the quantity of electricity passing at that instant, that is, to I dt. 
For each half cycle the quantity of electricity flowing is equal to the 
average value of the current multiplied by the time that it flows. The 
current should be measured, therefore, with direct-current ammeters 
of the permanent-magnet moving-coil type. The magnitude of the 
current, as well as the time that the valve is open, is governed by 
relative values of impressed voltage, counterelectromotivc force, and 
whatever capacitance, inductance, and resistance arc present in the 
circuit. 

If a single rectifying element is used, only one-half of the alternating 
wave is rectified, but two or more rectifying elements can usually be 
arranged to rectify both halves of the wave. This is called full-wave 
rectification. When half-wave rectification is provided the current 
cannot flow during one-half the cycle because it would have to pass in 
the high-resistance direction of the rectifier. Being stopped out, half 
the cycle is ineffective, but the efficiency is not materially reduced. 

If the circuit is without appreciable inductance or capacitance, the 
rectified current is in phase with the impressed electromotive force and 
attains its maximum value once or twice each cycle, depending on 
whether half- or full-wave rectification is provided. This is illustrated 
in Fig. 86 by the tracing of an oscillogram shown for the simplest case 
of a circuit having no counterelectromotive force and negligible capaci- 
tance and inductance. The current begins to flow when the impressed 
voltage passes through zero value, and each maximum of current is in 
phase with the maximum of voltage. If a battery is being charged, 
however, the electromotive force of the battery, which is relatively 
constant, opposes the periodic impressed electromotive force, and 
current cannot flow until the impressed voltage has reached a value 
equal to the electromotive force of the battery, plus any other voltage 
losses. This is illustrated in Fig. 87. The valve opens at the point 
marked A and closes at the point marked B, 
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If the value of the impressed voltage is not greater than the counter- 
electromotive forces opposing it, no charging current can flow. How- 
ever, if the rectifier and battery have appreciable capacitance, an 



Fig. 86. Full-wave rectification in a 
circuit having no countcrelcctromotivc 
force. Capacity and inductance are 
negligible; hence the current is in 
phase with the voltage. 



Fig. 87. Full-wave rectification in a 
circuit having a count.erolectromotive 
force. The valve is open only from 
A to that is, when the impressed 
voltage exceeds the counterelectro- 
motive force. If capacity and induct- 
ance arc negligible, the current is in 
phase with the voltage. 


alternating current which leads the impressed electromotive force by 
90° will flow through the battery, but this is entirely ineffective in 
charging it. Such a condition is shown in Fig. 88. 

Capacity currents, and leakage currents too (if the rectifying film 
is imperfect), show negative loops in oscillograms of half-wave rectifi- 
cation. One may be distinguished 
from the other, however, by the 
fact that the capacity loop is leading 
the impressed voltage, while the 
leakage loop is always in phase with 
it. 

In the foregoing discussion, it has 
been assumed that the circuit is 
essentially non-inductive. The bat- 
tery has no appreciable inductance, 
but inductance may be added to the 
circuit for purposes of regulation 
or to extend the time that the valve is open. In Fig. 89, showing the 
effect of inductance, it may be seen that the current lags behind the 
impressed voltage. This oscillogram is for half-wave rectification. 
Current in the positive direction begins after the impressed voltage has 
attained a value predetermined by the counterelectromotive force. 



Fig. 88. Conditions when the im- 
prcss('(i voltage is less than the 
counterelectromotive force. No rec- 
tification occurs, but a capacity 
current, leading the voltage by 90®, 
flows through the battery. 
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The current increases slowly at first, by no means as rapidly as the 
impressed voltage. It attains its maximum value 90° later than the 

voltage, or somewhat less if there is 
appreciable capacitance in the circuit. 
As the impressed voltage decreases, 
the current lags and the current may 
still be flowing in the positive direction 
when the impressed voltage has passed 
through zero and become negative^ 
This is because of the induced electro- 
motive force, which depends on the in-\ 
ductance, L, and the rate of change of 
current, dl/dt. The valve is open 
longer, therefore, when inductance is 
present, unless the conditions of the 
circuit are complicated by large hys- 
teresis losses in iron cores. Actually 
the voltage across the valve, Er^ which 
determines when it opens and closes 
is the algebraic sum of the impressed voltage, sin the counter- 
electromotive force of the battery, Erj the induced electromotive force, 
L(dl/dt)j and the IR drop. That is, the voltage across the valve is 

Er == Eq sin o)t — Eb -- L{dl/dt) — IR 

Previous to the instant, ^i, that the valve opens 

7 = 0 and 0 < t < h 

Eji = 0 and dl/dt = 0 

but the impressed voltage and the counterelectromotive force are equal 
and opposite, whence, if a solution exists, Er < Eo and 

sin o}ti = Eb/Eo 

This determines in angular measure the time of opening the valve. To 
find the time of closing the valve is somewhat more difficult. 

For this, h < t < < 2 , and in this interval 7 > 0 

L (dl/dt) “t” RI = Eq sin cjt — Eb 

with the initial condition that 



Fig. 89. Half-wave rectification 
in a circuit having counterelectro- 
motive force and inductance. 
The valve is open from ti to ^ 2 . 
The maximum of current lags 
behind the maximum of voltage. 
If an iron core is present, the 
hysteresis must be low to avoid 
loss. 


7 = 0 when t = ti 
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so that 

I it) 


Eq 


+ a.2L2 


[R sin o){t ~ h) — uL cos ttf(i — ti) + 
Eb , 


- [1 - for h<t<t 2 

R 


where (2 is to be determined as the next time in this interval that I 
vanishes, that is, 7(fe) = 0. Write 


r t — h and tan a = wL / R 


then 
Rlit) = 


REq 


VR^ + 

= Eo j^cos a sin (ojt — a) 


sin (ojT — a) — Eb + 


E 

E 


( Ro>LEo , ^ ^ _ 


For any particular case the values of Eb, Eq, L, and R are known so 
that it is not difficult to determine the value of t which makes this 
expression for the current vanish. Using this and the value of ti deter- 
mined previously, we have 

(2 “ "hr 


Electrochemical Rectifiers, Aluminum, tantalum, and a few other 
metals possess the property of valve action when immersed in certain 
solutions. During the operation of the rectifier a film forms on the 
surface of these metals. This is permeable to hydrogen cations but 
not to anions, except those that act as “poisons” and destroy the 
film. The current can pass through the film on the valve electrode, 
but not from it, except at relatively high voltages when breakdown 
occurs. In addition to the valve electrode, each cell must contain 
another electrode to serve as an anode. This must be able to withstand 
the strong oxidizing conditions and must pass current in either direc- 
tion. Lead, carbon, iron, chromium-steel, and iron-silicon alloys have 
been used for this purpose. 

Tantalum rectifiers, used to some extent in railway signaling, consist 
of metallic tantalum as the cathode and lead or an alloy of lead as the 
anode in a solution cf sulfuric acid, to which a small amount of ferrous 
sulfate is added. The specific gravity of the solution is about 1.250. 

Metallic Rectifiers, Copper Oxide Rectifiers. The copper-cuprous 
oxide rectifier, which has developed from experiments made by Gron- 
dahl” in 1920, depends for its operation on the asymmetrical resistance 

’1 L. 0. Grondahl and P. H. Geiger, A new electronic rectifier, Trans. Am. Inst. 
Elec. Engrs., 4$, 358 (1927), 
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at the junction of copper and a layer of cuprous oxide formed on its 
surface. That is, current can flow more freely in one direction than in 
the other. From oxide to copper the resistance is low, but from copper 
to oxide the resistance is many times greater. Such an arrangement 
provides a valuable rectifying unit which has no moving parts or 
chemical reactions. 

Copper of a high degree of purity is partially oxidized in air at a 
temperature of 1000 to 1040® C. The latter temperature is slightly 
above the melting point of the oxide, 1025° C. Red cuprous oxide, 
CU 2 O, is formed on the surface of the copper as an adherent layer. 
This in turn is usually covered by a layer of black cupric oxide, CuO, 
which has a high resistance and which must be removed by being dis- 
solved in a mixture of acids at a later stage of the process. The heat 
treatment of the elements after oxidation has an important effect on 
the operating characteristics of the rectifier. Slow cooling produces 
elements of relatively high resistance which arc adapted to use in high- 
voltage rectifiers, since the elements are able individually to withstand 
10 to 30 volts in the reverse direction and since the matter of their 
forward resistance is relatively unimportant. On the other hand, ele- 
ments which are quenched have a lower resistance but should not be 

subjected to more than 6 volts. 
These elements have a high 
ratio of resistances in the high 
and low directions. They are 
well adapted to use in rectifiers 
carrying considerable current. 

The oxidized copper is pre- 
pared in a variety of sizes and 
shapes. Some of these are but- 
tons only a few hundredths of 
an inch in diameter, others are 
disks or “washers’’ 1 to IJ 
inches in diameter, and still 
others are rectangular plates. 
Contact to the oxidized surface 
is made in various ways, such 
as sheets of lead over a coating 
of colloidal graphite applied to the oxide surface. The elements are 
assembled as shown in Fig. 90, from the paper of Grondahl and 
Geiger. Ventilating fins are provided when necessary. These are 
interleaved with the elements. Without special ventilation a current 
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density of 0.07 ampere per cin^ is reasonable. The current- ciuTy in y; 
capacity may be increased by enlarging the area of contact (parallel- 
ing elements) and by forced ventilation. The life of the rectifier is 
adversely affected by high temi)eratures. Eighty degrees Centigrade 
is maximum, but for continuous operation temi)eratures should not 
exceed fiO"" C. Higher voltages applied to these rectifiers arc sus- 
tained by placing additional elements in scries. 

The boundary area between copper and oxide has a capacitance of 
about 0.006 microfarad per cm^. This is of some importance as the 
capacitive reactance must be large in comparison with the resistance 
component of the impedance in the low-resistance direction, otherwise 
rectification would be seriously impaired. At commercial frequencies 
the capacitive reactance is without detrimental effect on rectification 
and the power factor. 

A wide variety of unit assemblies is available. Tliose include single 
and double stacks with or without radiating fins. From tluvse, rectifiers 
to meet any particular service condition of current or voltage can be 
built. 

Seleniu7n Rectifiers. The photoelectric properties of selenium have 
been known for many years, but its use as a rectifier^ - is comjiaratively 
recent. Like other metallic rectifiers it is assembled in scries and 
multiple stacks to meet siiocified current and voltage requirements. 
Each cell consists of several layers: (1) a base plate and conducting 
member that makes contact with the next adjoining cell, (2) a layer of 
selenium, usually classed as .a semiconductor, (3) a barrier layer 
between the selenium, and (4) the superposed counterelectrode. 
Rectification takes place at the barrier layer. The base plate is often 
nickel-plated aluminum. On it is sprinkled vitreous selenium with a 
small amount of a halogen to improve conductivity. Under pressure 
at a temperature between 100 and 150^^ C the selenium forms a film, 
and further heat treatment converts it to the so-called metallic state. 
The counterelcctrode is a thin layer of a low-melting-point alloy which 
may be sprayed or evaporated onto the selenium. Current flow in 
the forward direction takes place from the selenium to the counter- 
electrode through the barrier layer which stops the current flow in the 
opposite direction. Selenium rectifiers are variously rated for ambient 
temperatures of 35 to 40° C ; efficiencies range from 60 to 80 per cent, 
and the power factor is about 95 per cent. The manufacturers ratings 
should not be exceeded. 

W. B. Roberts, Counterelectrodcs for selenium rectifiers, .7 . Electrochem. Soc., 
181 C (1950). Extensive bibliography. 
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Magnesium-Copper Sulfide Rectifiers, Another form of metallic 
rectifier makes use of copper sulfide,^ 3 which is also classed as a semi- 
conductor. Rectifying action takes place at the junction of magnesium 
and the copper sulfide. When the latter is positive with respect to 
the magnesium, the current can flow in the low-resistance direction. 
In making these rectifiers, a zinc-copper alloy is usually employed in 
preference to pure copper. Initially the magnesium has a coating of 
oxide, and this is pressed against the copper coated with cupric sulfide. 
The rectifying film is formed by passing an alternating current through 
the cell, and this results in layers as follows: Mg-MgS-Cu 2 S-CuS. 
The magnesium sulfide and the cuprous sulfide become locked together:. 
The operating range is given as —70 to +130° C, but for continuous 
operation it is better not to exceed more normal temperatures. Mobile 
units combined with TVR relays are made for charging lead batteries 
by the two-step method or for charging Edison batteries by the modi- 
fied constant-potential method. Kotterman^^ has described these 
rectifiers as mobile chargers for railway passenger cars. 

Gas-Filled Bulb Rectifiers. A combination of a hot and a cold 
electrode in a vacuum may act as a rectifier, because the hot electrode 
throws off electrons when it is charged negatively, and these, traversing 
the space to the other electrode under the influence of an electrostatic 
field, constitute an electric current. Space charges, depending on the 
relative rates of emission of electrons and their conduction of current, 
may occur and cause some loss of efficiency. The high-vacuum type 
of bulb is adapted to high voltages, but for low voltages and relatively 
large currents bulbs filled with an inert gas such as argon are better. 
The electrons streaming out from the hot electrode ionize the gas and 
permit considerable current to flow during the time that electrons are 
being emitted. On the other half cycle, neither electrode can emit 
electrons, and consequently no current can flow. Most of the current 
that passes through the bulb is carried by the ions from the gas. 
Rectifiers of this type are equipped with “Tungar” or “Rectigon” 
bulbs which were placed on the market about 1916. They are shown 
diagrammatically in Figs. 91 and 92. The cold anode of graphite is 
marked a, and the hot cathode of spirally wound tungsten wire is 
marked c. A small ring of magnesium wire around the stem of the 
anode, marked 6, is included within the bulb to react with any gas 
(except the inert gas) that may be present and liable to impair the life 

18 Samuel Ruben, Magnesium-copper sulfide rectifier, Trans. Electrochem. Soc., 
87, 275 (1945). 

14 C. A. Kotterman, Magnesium-copper sulfide rectifier battery charger for rail- 
way passenger cars, Trans. Am. Inst. Elec. Engrs., 68, 260 (1939). 
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or efficiency of the bulb. By a flashing process after the bulb is sealed, 
this magensium wire, called the “getter,” is made to combine with the 
objectionable gases that may be present. The products of chemical 
combinations are deposited on the inner surface of the glass, giving it 
a mirror-like or sooty appearance. For this reason the bulbs are 
seldom clear. The gas pressure within the bulb may be from 0.01 
millimeter to several centimeters, By using two tubes it is possible 
to rectify both halves of the wave. Some rectifiers of this type contain 
autotransformers connected as shown, but variations in the connections 


A.C. Line 


1 + 

Battery 


(i c 0 6 0 0 0 ff oJTti 6 
pnnnnr^ 



Hall -wave 



Fig. 91. Gas-filled bulb recti- Fig. 92. Gas-filled bulb rectifiers, 

fier. 


will depend upon whether the secondary circuit is grounded or not. 
The small winding shown is a low-voltage, heavy-current coil supply- 
ing current to heat the filament. 

Kectifiers of this type can be operated in parallel, if provided with 
suitable reactance. Two bulbs alone will not operate in parallel, since 
the one with the lower arc drop takes the load. The power factor is 
about 50 per cent. 

The bulbs are mounted with transformers which are designed for 
specified voltages. Certain precautions should be observed in operat- 
ing these rectifiers, to prevent damage to the bulb. The bulb, once 
started, will continue to operate without the cathode excitation, since 
the cathode can be kept hot by the bombardment of the positive ions. 
This does not eliminate the energy loss involved in heating the cathode, 
as the voltage drop across the arc increases. The arc tends to concen- 
trate on a few turns of the filament when its normal excitation is cut 
off, and the filament will burn through at this point. It is not desir- 
able, therefore, to operate the filament without its normal current, as 
fhe life of the bulb will be greatly shortened. If the battery voltage 
is 40 volts or more, both alternating-current and direct-current circuits 
should be opened simultaneously by the rectifier switch, to prevent a 
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possible surge of current through the bulb, which may happen when 
the alternating- current circuit alone is broken, particularly if this 
occurs at the instant of peak voltage. When such a surge occurs, a 
large current from the battery discharges through the bulb in the 
reverse direction, destroying it. 

The efBciency of these bulb rectifiers may amount to 60 or 70 per 
cent when charging batteries of nearly the maximum voltages for which 
they are designed, but the efficiency decreases to less than 20 per cent 
when used for batteries of only a few cells. i 

Eight or ten sizes of these bulbs are available, having direct-current 
ratings of 0.25 to 15 amperes. The voltages range from 7.5 to 2^ 
volts. Usually the bulbs with the smaller current ratings are applied 
to trickle-charging batteries. Complete charging units comprise: (1) 
rectifier bulbs (one for half-wave or two for full-wave rectification) ; 
(2) transformers (autotransformers or two-winding, insulated trans- 
formers) ; (3) hand-operated selector switches for control of voltage 
and current to provide for charging any number of 3-ccll batteries 
from 1 to 6, 12, or 24, according to the capacity and design of the 
charger; (4) a direct-current ammeter of the permanent-magnet, mov- 
ing-coil type; and (5) switches, fuses, and leads for connection to the 
alternating-current supply and the direct-current load. 

Self-Regulating Rectifiers for Floating Batteries. Fully automatic 
control of battery charging by rectifiers is a comparatively recent 
development which has found application in the maintenance of float- 
ing batteries such as those used for circuit-))reaker control, telephones, 
and alarm and signal systems. Compared with cycle operation, float- 
ing the batteries increases their life and permits smaller sizes to be 
used. The constant-potential chargers arc designed for an output 
which varies with the load demand, and the direct-current output is 
unaffected by considerable fluctuations in the alternating-current line 
voltage. 

When the current demand is less than the rated output of the 
charger, all current is supplied to the direct-current circuit by the recti- 
fier, and simultaneously a trickle-charge current maintains the battery 
in a fully charged condition. When the load exceeds the rating of the 
charger, the excess is supplied by the battery until the load falls to its 
normal value, less than the rated current of the rectifier. After this, 
the battery is quickly restored to a fully charged condition by a charg- 
ing current, which for the time being is in excess of the trickle-charge 
rate. 

The control units which provide the automatic features of these 
rectifiers are saturable core reactors. These are essentially choke coils 
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with two windings. An increase in the direct-current of one coil results 
in a proportionate decrease in impedance of the alternating-current 
coil. To prevent voltage fluctuations of the alternating-current line 
from interfering with the regulation of the direct- current load, an alter- 
nating-current stabilizer is added to the rectifier. This consists of a 
saturable transformer, reactor, and capacitor. It holds the alternat- 
ing-current input constant to ±1 per cent, notwithstanding variations 
of ±15 per cent in the line. 



I'lg. 93. Effect of temperature on charging characteristics of a lead-acid storage 

cell. 


Voltage Relays 

Volt-sensitive relays afford another means for automatically con- 
trolling the rate of charge supplied to a battery. As charging pro- 
gresses, the voltage at the terminals of lead-acid storage batteries rises 
slowly until gassing begins, when a more abrupt rise of several tenths 
of a volt per cell occurs. At this point the battery is 90 per cent 
charged, or more, and charging should be completed at a lower rate. 
This abrupt rise in voltage is sufficient for operating a properly de- 
signed relay. However, the effect of variations in temperature of both 
battery and relay must be considered. For the same state of charge, 
the terminal voltage of the battery will be lower as the temperature 
is higher (see Fig. 93), but the operating voltage of an ordinary relay 
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becomes higher as its temperature is increased. Such a relay is not 
well adapted to the purpose. 

Inverse temperature compensation has been provided in the TVR 
relay so that its operating voltage is higher at lower temperatures by 
an amount which closely approximates the change in battery-charging 
voltage for a corresponding difference in temperature. This is accom- 
plished by using a bimetallic strip which varies the air gap between the 
magnet frame and the armature. The relay may be set to operate at 
a desired voltage such as 2.37 volts per cell at 77° F when the battery 
is to be charged in 8 hours. The actual adjustment within a range of 
dtl per gent is of no great importance as the battery voltage rises 
rapidly when gassing begins. 

Figure 93 shows the volt-time characteristics of four similar bat- 
teries which, being fully charged initially, were discharged for 1 hour 
at the 8-hour rate and then recharged at one-third of this rate. The 
abrupt rise in voltage occurred after about 3 hours, as would be 
expected. The figure shows also the operating limits for a TVR relay. 

Automatic intermittent charging is provided by Exide Model ES 
Control. By this equipment the battery is automatically placed on 
charge once every hour by contacts actuated by a synchronous clock, 
and each successive charge is terminated by a voltage relay when the 
voltage reaches 2.31 volts per cell at 77° F. A variety of conditions 
can be met by this type of control. 

Ampere-Hour Meters 

Since the ampere-hour is the unit commonly employed to measure 
the capacity of storage batteries, the ampere-hour meter is a convenient 
instrument for indicating the state of charge of a battery and for con- 
trolling the charge. Various types of ampere-hour meters have been 
developed, but the mercury-motor type is the most common form. 
This meter can be built as a rugged, dependable instrument which will 
keep in calibration and function satisfactorily even under severe con- 
ditions of service, such as may be encountered with mine locomotives, 
street trucks, or industrial tractors. 

The mercury-motor type of meter consists of a copper disk immersed 
in mercury contained in a Bakelite chamber. The current is taken in 
through a contact ear, passes across the disk and then out through a 
contact ear at the opposite side. Permanent magnets create a field 
cutting the disk, and rotation is produced on the well-known principle 
of Faraday^s disk. Inasmuch as the field of the magnet is constant, 
the torque exerted on the moving armature is proportional to the 
current flowing. The magnets are so situated that the pole tips are 
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directly above and below the disk on opposite sides of the main shaft. 
When current is passed through the meter the disk rotates. This 
rotation induces eddy currents in the same disk, as it cuts the magnetic 
field, and damping is thereby accomplished. 

The ampere-hour efficiency of a storage battery is less than 100 per 
cent, and therefore a greater number of ampere-hours are required to 
charge it than were discharged previously. It is possible to design the 
ampere-hour meter so that it will run slow during the charging period 
by a percentage that will be approximately equal to the difference 
between the efficiency of the battery under standard conditions and 
100 per cent. 


BATTERY REGULATION 

In the preceding portion of this chapter, the voltage characteristics 
of the storage battery on charge and discharge have been discussed. 
The terminal voltage of the cells decreases during discharge and 
increases during the charging period. It is necessary to compensate 
for these changes when the battery is used to maintain the potential 
of bus bars in some power circuits. When the current flowing in the 
circuit is very small, this regulation is satisfactorily accomplished by 
the use of a regulating resistance. With cells of large capacity this 
would be a very wasteful and inconvenient method, and other methods 
must be employed. These may be classified as follows: end cells, 
counter cells, boosters, and methods of alternating-current regulation. 

End-Cell Regulation. The falling voltage of a battery on discharge 
may be compensated for by adding additional cells from time to time. 
The name ^^end cells’^ comes naturally from the familiar arrangement 
of providing taps to each of a limited number of cells at the ends of a 
battery, so that any of these may be connected or disconnected at will 
without interrupting the flow of current from the battery to the bus 
bars. Figure 94 shows a simple diagram of such an arrangement for 
a three-wire circuit. If the battery is to be connected to the bus bars 
only during discharge or when floating on the line, a single end-cell 
switch at each end of the battery is all that is ordinarily required. 

The use of end cells as a means of regulation is becoming more 
limited with changing conditions in central stations. Telephone cen- 
tral offices, however, employ several end cells on 24-volt batteries and 
proportionately more on batteries of higher voltage. 

The successful regulation of voltage by the use of end cells requires 
well-designed switches. These switches must not interrupt the con- 
nection between the battery and the bus bars nor short-circuit any 
cell when the switch is being operated. The switch must be capable 
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of carrying the maximum current of the battery. The switches must 
also be free from heating and sparking at the contacts. 

The number of end cells required is calculated from the maximum 
voltage drop and the total number of cells in the main battery. In 
the simplest case, the initial discharge voltage may be assumed to be 
2 volts per cell, decreasing as the cells discharge to 1.8 volts per cell, 
or 10 per cent. At least 1 end cell to each 10 cells in the main battery 
is therefore required. If the battery is to be charged wdiile on the 
line, additional end-cell connections will be necessary. The cells will 

Main Battery 

Neeative Side Positive Side 



Fig. 94. Anaugeincnt of end cells in a battery. For a two-wiro circuit the end 
cells arc at one end only. 

increase to about 2.60 volts per cell, or 30 i)cr cent, which, added to 
the 10 per cent required for discharge, makes a 40 pd* cent variation 
in voltage to be compensated for by the end cells. The actual number 
in any event can be calculated only when full data of the service are 
available. End cells are cut out on charge and in on discharge. 

End cells are usually of the same size as those in the main battery, 
although they are seldom used as much. The last cell cut in on dis- 
charge obviously delivers only a small portion of the ampere-hours 
delivered by the cells in the main battery. They are consequently 
charged in a shorter time and must be cut out of the circuit when the 
charge is complete. 

Counter Cells. Counter cells of the lead-acid type are provided with 
grids in place of the regular plates. They have very little capacity 
but develop a potential of 2.3 to 3.0 volts, depending on the current 
flowing, which opposes the potential of the main battery. The counter 
cells are placed at the ends of the battery, and the successive cells are 
cut out of the circuit as the voltage of the main battery falls, because 
their effect is subtractive instead of additive. Lead counter cells are 



Operation 


287 


practically obsolete, having been replaced by the alkaline type. The 
lead cells were subject to several operating difficulties, including a 
gradual increase in capacity, a high internal resistance after a period of 
idleness, and the formation of a scaly sediment which sometimes caused 
short circuits. The ideal counter cell would have no appreciable 
capacity, low internal resistance, unattackable electrodes, and ample 
space for electrolyte so that water would be required infrequently. 



Fig. 95. CountereloctrornoLive-force cell, nickel-alkaline type NAK-30, continu- 
ous rating 60 amperes. 

Alkaline counter cells fulfill these requirements quite satisfactorily. 
Each cell (see Fig. 95) consists of a glass jar in which are contained 
pure nickel electrodes in a treated solution of sodium hydroxide or 
stainless-steel electrodes in a similar solution. The solution is covered 
with a layer of oil. The electrode groups are identical and as the cells 
have no polarity can be used for either direction of current flow. 
Water is decomposed when current flows, oxygen being liberated at 
the anodic group and hydrogen at the cathodic group. Considerable 
water is required to replace that decomposed by the current, but several 
thousand ampere-hours can pass through the cells before they need 
watering. The layer of oil over the electrolyte prevents evaporation 
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and protects the alkaline solution from the carbon dioxide in the air. 
The cells have covers similar to other storage cells. 

The counterelectromotive force developed by the cells varies prima- 
rily with the current, but the absorption of carbon dioxide from the 
air (largely prevented by a film of oil on the surface of the electrolyte) 
tends to increase the counter emf. Voltage ratings are normally at an 
electrolyte temperature of 100° F. At lower temperatures the counter 
emf is slightly higher. The approximate cell voltages are given in 
Table 58. 

Table 58. Approximate Voltages of Counter EMF Cells 
(Nickel or stainless-steel electrodes) 


Per Cent of 
Continuous 

All Cell Sizes 

Maximum 

Intermittent 

Continuous 

Current 

Service 

Service 


Volts 

Volts 

10 

1 03-1.72 

1 66-1 82 

25 

1 73-1 80 

1 83-2.03 

50 

1 78-1 88 

1.98-2.18 

75 

1.82-1 94 

2 07-2.26 

100 

1 85-1 99 

2.13-2.32 


The electrolyte should be renewed at intervals of 2 to 4 years. 

Boosters. A third means of regulation is by the use of boosters. 
In the Standardization Rules of the American Institute of Electrical 
Engineers, a booster is defined as a generator inserted in scries in a 
circuit to change the voltage. The booster is usually motor-driven, 
and then it is designated as a motor-booster. A wide variety of 
boosters is available for various jmrposes. These include (1) charging 
boosters used in connection with storage batteries, which discharge into 
a line and require the addition of a small voltage to the line voltage 
to complete the charge of the battery; (2) automatic regulating 
boosters for constant current or constant voltage, to take care of rapid 
fluctuations in the line; and (3) separately excited differential boosters. 
Boosters are still used for charging purposes, but automatic battery 
control by means of boosters has practically disappeared with the 
disuse of regulating batteries. 

Alternating-Current Regulation. Although the storage battery is 
a direct-current apparatus it has found some application in the past 
to the regulation of alternating-current systems. If the distribution 
system is alternating-current, but the load direct-current, the applica- 
tion of the battery may be at the point where the load is required and 
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may consist of the usual arrangement of batteries. If, however, the 
load is alternating-current, conversion apparatus, such as motor-gener- 
ators or synchronous converters, is necessary in the battery circuit. 

OPERATING CONDITIONS 
Safety-Code Requirements 

Rules relating to the installation of stationary batteries exceeding 
50 volts are provided in the National Electrical Safety Code, Section 
13.^® This code is readily available by purchase at a nominal price 
from the Superintendent of Documents, Government Printing Office, 
Washington 25, D. C. It is not necessary, therefore, to reprint the 
rules here. Reference should be made to the code, but a word or two 
about the various rules is given here to indicate the scope. 

Rule 130, General^ applies to acid and alkaline batteries having nominal 
voltage in excess of 50 volts, sealed and unsealed cells, caution of fire hazard. 
Rule 131, Isolation^ battery to be not accessible to other than qualified persons. 
Rule 132, Ventilation f requires provision for diffusion of gases with special 
provision for non-sealed batteries. Batteries of less than 50 volts come under 
this rule if capacity at 8-hour rate exceeds 5 kw-hr. Rule 133, Insulation, 
covers type of supports of cells in conducting and non-conducting containers. 
Special requirements for batteries exceeding 150 volts in rubber or 250 volts in 
glass. Rule 134, Racks and Trays, wood and metal racks and their treatment 
to prevent deterioration; similarly for trays. Rule 135, Floors, to be acid 
resistant. Rule 136, Wiring in Battery Rooms, to be in accordance with the 
code. Rule 137, Guarding Live Parts in Battery Rooms, current-carrying 
parts differing by a voltage exceeding 150 volts to be guarded. No bare con- 
ductors of 150 volts or more to ground in passageways unless guarded. 
Guarding to conform to code requirements. Rule 138, Illumination for 
Battery Rooms Enclosing Batteries of the Non-Sealed Type, specifies type of 
lamps and keyless sockets, prohibits open flames or incandescent resistors. 

Care of Rooms 

Aside from the proper installation of the batteries, the care of the 
rooms constitutes an important factor in their successful operation. 
Covered cells with sprayproof vents have so largely replaced the older 
type of open cells that the condition of battery rooms has been greatly 
improved. Many installations of batteries in rooms with other elec- 
trical equipment have been made successfully. Acid spray has been 
practically eliminated. 

Ventilation. The objects in providing ventilation for storage- 
battery rooms and compartments are three. The first is to carry off 
the gases that are liberated during the charging period and to some 

The National Electrical Safety Code, 5th ed., Handbook H30, National 
Bureau of Standards, 1948. 
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extent by the negative plates at other times, since the hydrogen con- 
stituent of the gas forms an explosive mixture with the oxygen of the 
air. The second is to preserve the insulation of the installation by 
carrying off the acid spray (if any is present in the atmosphere), as 
this is destructive to woodwork, most kinds of paint, and insulating 
materials. The third objective of ventilation is to cool the batteries 
during the charging periods and when working under heavy loads. 
This is of particular importance for batteries in closely confined 
compartments, as on submarines and on certain industrial trucks. 
Forced ventilation is desirable wherever the natural draft is small or 
unreliable. As the gassing and maximum temperature occur near the 
end of the charge, it is customary in some installations to provide only 
moderate ventilation during the early stages of the charge and then to 
increase the ventilation after the battery has received about 75 per cent 
of its charge. Full ventilation should be continued for a considerable 
time after the completion of the charge. A 4 per cent mixture of 
hydrogen in the air is dangerous. The amount present at any place 
should not be allowed to exceed 2 per cent. 

Insulation. In addition to the ventilation, certain other precautions 
are necessary to preserve the insulation. The supports for the tanks, 
now nearly obsolete, should be porcelain or glass insulators with oil 
cups. All metal except lead should be protected against acid spray. 
The overhead wiring should be carried on porcelain insulators which 
are easily accessible, so that they can be wiped off from time to time. 
The heads of the screws in the insulators should be covered with vase- 
line. In some large installations the copper bus bars and other cables 
are inclosed in a lead sheathing. The floors should be of waterproof 
material with drain at the lowest point so that they can be flushed 
with the hose. After the flushing, the floors should drain quickly and 
dry without water pockets. 

Record Forms 

Accurate records of the performance of the large stationary bat- 
teries and certain of the smaller batteries, such as motive-power and 
train-lighting batteries, are desirable. The records may indicate 
sources of trouble in the early stages, and they provide the necessary 
data for comparison of different makes and types as well as for making 
an accurate computation of the cost of operation. The forms to be 
used will naturally depend upon the service and to son^e extent upon 
local conditions, but the following have been in successful use and are 
given by way of illustration. 

The first (Form 1) is applicable to the batteries in industrial trucks 
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and tractors. It was used at a large shipping depot during the Second 
War War. The second (Form 2) is for a battery in stationary service. 
The third (Form 3) is for a floating battery and includes the readings 
that should be made at the close of each crjualizing charge. Form 4 
is for Edison batteries. 

Costs of Operation 

It is often important to make an estimate of the cost of battery 
operation on trucks, tractors, or vehicles, and an outline of the general 
method is given below. 

An estimate of the cost of operation is usually made for the purpose 
of determining the economy of a battery installation or of comparing 
one type of battery with another, to meet a given condition of service. \ 
In making such an estimate, the following items must be taken into 
consideration: 

Equivalent batteries must be compared, that is, batteries having approxi- 
mately the same watt-hour capacity at the service rate of discharge. 

Interest must be paid on the investment, which is the cost of the initial 
battery and the renewals. 

Depreciation is the amount of the capital investment to be written off per 
year and is equal to the total investment in the battery divided by the number 
of years for which the cost of operation is to be estimated. At the close of the 
period, the battery last in service may have a small scrap value. The amount 
of money set aside each year for depreciation is a sinking fund to amortize the 
debt. 

The watt-hour efficiency of the battery is to be used in computing the costs 
of power for charging. 

The life is the period of useful service, usually expressed in years. 

The quantity of electrolyte is that required for renewal, or to replace losses 
by leakage, etc. 

The quantity of water is that required to replace the losses by gassing on 
charge, that is, the quantity decomposed by the ampere-hours of charge 
exceeding 100 per cent of the previous discharge. It is, therefore, dependent 
upon ampere-hour efficiency of the battery. 

The quantity of power required is that for charging, expressed in kilowatt- 
hours. 

Cleaning for lead batteries includes renewal of wood separators, trays, and 
minor parts. This is seldom required now. 

Labor is that required for normal maintenance. It depends on the size and 
kind of battery. 

'DlSMM^TLl'NG AND ASSEMBLY OF LEAD-ACIE TYPE 

First, clean the top of the battery thoroughly. 

Before starting to dismantle the battery, make a sketch or diagram 
showing the relative locations of cells, intercell connectors, terminals, 
and any other data necessary to insure the correct reassembly. 
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STORAGE BATTERY MONTHLY REPORT 

(liattory in Floating Service) 


Battery ConaUta of 
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Fig. 96. Removing an intoiToll connector by using a connector puller. 



Fig. 97. Drilling a post to permit removal of intercell connector. The drill is 
15/16 inch. This is an alternative method to the use of a connector puller. 
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Removal of Connectors 

Connector Puller. With the puller vertical, depress the plunger 
gradually until the connector is free from the post, Fig. 96. This 
method is quick and easy; it eliminates boring out but necessitates 
trimming the posts for reassembly of the cell. 

Boring Out. If the puller is not used, bore out the connector, using 
a brace and bit. The bit may be either a twist drill or a wood bit. 
The wood bit is preferred and should be at least as large as the post, 
usually f inch (1.6 cm) or f inch (1.9 cm). Before boring, the bit 
should be centered carefully on the connector. The hole should be 
bored td a depth of about inch (0.5 cm). For posts reinforced with 
copper, a hollow or core drill called a “burn cutter'^ is available. Its 
use prevents damage to the copper cores. The filling plug should be 
in position while boring out, to prevent lead chips falling into the cell 
(see Fig. 97). When the hole has been bored to the proper depth, the 
connector will seem loose and the joint between the connector and the 
post can be seen. After boring out the connector, pry firmly but 
gently on the connector. Repeat this operation on the other side of 
the post, and continue until the connector is free. Care should be 
taken not to put pressure on the cover. 

In all the above operations, care should be taken not to short-circuit 
the cell by allowing pliers or other tools to come in contact with both 
posts at the same time. 

Removal of Cell 

Grasp each post with a pair of pliers and pull vertically (see Fig. 98) . 
If the jar sticks, a hot putty knife may be inserted around the edges. 
This will usually loosen small jars so that they may be pulled out 
easily. After the jar has been pulled out, rest it on the edge of the 
tray so that the pliers may be removed and the cell lifted by the hands 
to a position for the next operation. 

In most instances cells will be too heavy or too tightly wedged in the 
case to be pulled by hand. To remove these an insulated cell-lifting 
device should be used with a block and tackle. 

The sealing nuts, if used, should be removed by m~eans of a special 
wrench (Fig. 99) unless the element and cover are to be removed 
together. If such a wrench is not available, use a pair of pliers, and 
only as a last resort use a monkey wrench or a pipe wrench. The 
sealing nuts are sometimes held in place by scoring the threads on the 
post with a prick punch. 
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Fig. 98. Removal of cell from the battery. If the jar sticks, a hot putty knife 
may be inserted around the edges. 



Fig. 99. Removing sealing nuts. 
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Removal of Element 

With the filling plug out, blow the gases out of the cell. This is 
to reduce to a minimum the possibilities of an explosion. Warm the 
outside of the jar at the top with a flame and then insert a hot putty 
knife around the inner edge of the jar, melting out the compound to a 



Fig. 100. Cutting out the sealing compound around the edge of the cover 
preparatory to removing the element. 


depth of about | inch (see Fig. 100). This operation should be per- 
formed as rapidly as possible, as the compound cools quickly. 

Place the jar on the floor with one foot on each side and pull the 
element upward while holding the jar with the feet (see Fig. 101), or 
use the device described above. When the element is nearly out, 
place it slightly out of plumb on the top of the jar and let it drain for 
about 5 minutes. The element should not remain out of the jar for 
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more than 15 minutes because of injurious heating. Should the nega- 
tive plates begin to dry out and heat, sprinkle them with water until 
they can be taken care of. 



Fir. 101. Pulling the element from the jar, using chain and stirrup hold-downs 

on the jar. 


Removal of Separators 

Place the element on the edge of a table or bench. When it is 
necessary to use the separators again, it is desirable to use a special 
tool called a “separator inserter.” The broad side is used next to the 
negative plate to loosen the separators so that they can be pushed and 
pulled from between the plates. If the separators are not to be used 
again, a putty knife may be inserted between each separator and the 
negative plate to loosen them, and then they may be pushed from the 
top and pulled from the bottom until free from the plates. 

Separate the positive and negative groups of plates and soak each 
of them in water for about 20 minutes. They are then ready to be 
placed away on a shelf if the battery is to be stored. 
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Pour the electrolyte out of the jar and wash the jar with distilled 
water. 

Assembly of a Cell 

To install new separators, place the elements on edge as for removal 
of separators. Insert the new separators from the bottom. The 
smooth side of the wood separator is placed next to the negative plate, 
and the perforated rubber separator between it and the positive plate. 
(The Exide-Ironclad battery has only a smooth separator of wood or 
porous rubber between plates.) 

With the element on edge and projecting slightly over the edge of the 
bench, place the jar over the plates. Then lift the jar and plates 
together to the floor and push the element into position. The electro- 
lyte may be in the jar at this time, but it is preferable not to have it so. 
The inside edge of the jar at the top should be cleaned of compound 
and wiped with a cloth dampened with dilute ammonia or soda after 
the element has been inserted as above. It is necessary to have the 
top of the jar and cover free from all acid, as otherwise the compound 
will not adhere properly to the surfaces. Care should be taken that 
no ammonia or soda is allowed to get into the electrolyte. 

Before putting on the cover, place the soft-rubber gaskets, if used, 
over the posts. The cover should be replaced while the jar is cold, 
unless it will not fit readily, in which event warm the outside of the jar 
with a flame until it becomes flexible enough to allow the cover to fit 
properly. Care should be taken not to burn the jar. Heat the com- 
pound and pour it into position, then trim with a hot putty knife until 
a level, smooth surface is obtained. Clean off all compound not needed 
to seal the cover. Replace the cell in the tray in the same position as 
it was in the beginning. 

If there is electrolyte in the cell, first clean the posts with dilute 
ammonia or soda to neutralize the acid and allow them to become dry 
before doing anything further. 

Trim each post, if a connector puller has been used, until its top is 
about inch below the top of the connector. This may be done by 
means of end-cutting pliers. Clean off the top and sides of the posts 
thoroughly. A file brush is good for cleaning the top, and gas pliers 
for cleaning the sides of the posts. 

Always have the cover firmly in place and sealed before putting on 
the connector. If the intercell connector is not of the right length, it 
should be adjusted, and in no event should it be forced into position 
over the posts, as the jar or cover may be broken by strains. 
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Lead-Burning 

This is a welding process for making a good mechanical and elec- 
trical connection between the plates and the strap and between the 
posts and the connector. Burning is done by means of acetylene and 
oxygen or by an electric arc. Use a reducing flame, as it is not desir- 
able to oxidize the lead. Work with the tip of the inner blue flame 
and use a rotary motion, working from the center of the i)ost upward 



Fig. 102. Lead burning with an electric arc. Three cells of the battery supply 
current to a pointed carbon-rod electrode. Additional lead is supplied from an 
alloy ^'burning rod.” Damp cloths protect adjacent parts and cover the vents. 

and outward. The top of the post should be melted first and then 
fused to the wall of the hole in the connector; then lead from a piece 
of burning strip can be run in until the joint is flush with the top of the 
connector. Finish with a file and file brush. All parts must be thor- 
oughly cleaned of dirt or foreign matter, as absolute cleanliness is 
necessary for successful work. 

The electric-arc outfit consists of a carbon holder, with connecting 
cable and clamp and a carbon rod about ^ inch in diameter. The bat- 
tery on which work is to be done is usually used as a source of current. 
Irom 2 to 4 cells are required, according to their state of charge. 
Figure 102 illustrates this method of burning. The clamp is attached 
to an intercell connector a sufficient number of cells away to give the 
proper voltage. The carbon rod should be sharpened to a point and 
should project about 2 inches beyond the clamp. The carbon is first 
brought to a bright glow by contact with the post on which work is 
being done. The carbon is then worked with a rotary motion from the 
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center of the post outward without drawing an arc. The carbon holder 
needs cooling occasionally by plunging it, with the carbon, into a pail 
of water. After a time the carbon may fail to work properly, owing 
to a film of lead oxide, which may be removed by a file or scraping with 
a knife. It is necessary that the operator use a pair of dark glasses to 
protect his eyes. If the battery is not available as the source of 
current, a 6-volt “starting” battery may be employed. In this case 
one terminal is connected to the clamp of the carbon holder and the 
other to the connection to be burned. 



Fig. 103. Example of lead burning. A 4 per cent alloy has been burned to an 

8 per cent alloy. 

A device for lead-burning called the “pyrotip,” operating on alter- 
nating current, is on the market. A small portable transformer reduces 
the 110-volt circuit to a suitable voltage. The carbon is large in 
diameter and terminates in a sharp point, which enables the operator 
to apply the heat at any place that he may desire. The alternating 
current may be passed through the cell without harm. 

When a joint is well burned, the metal of one prart fuses into the 
metal of the other part. This insures mechanical strength and good 
electrical conductivity. Imperfectly burned joints when examined 
under the microscope generally show void spaces, or dross. Figure 103 
is a photomicrograph of two pieces of lead-antimony alloy showing 
complete unipn along the line of the burn. To the right, the alloy con- 
tains 8 per cent antimony, and to the left, 4 per cent. 
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SOURCES OF TROUBLE 

Storage batteries large and small and in widely diverse services are 
subject to conditions that may lead to excellent service or through 
accident or abuse to something less than satisfactory. The heading 
“sources of trouble” implies faulty conditions which if recognized in 
time can often be corrected. Many manufacturers have published 
detailed instructions for the proper care and maintenance of batteries. 
The Association of American Battery Manufacturers’ Technical Service 
Manual deals with this subject in sections VII and XII. A book by 
Kretzschmar is entirely devoted to this subject. In the next sections 
many abnormal operating conditions will be described briefly. 

Satisfactory life of batteries in service is measured in years. Those 
in cycle service are usually shorter lived than others in non-cycle 
applications. The reasons why batteries wear out are well recognized 
as a result of statistical studies in 1947 on thousands of batteries 
opened for examination at the end of their service life. Most of these 
were presumed to have given normal service*. The most com])rchensive 
data relate to automotive batteries. Grid corrosion of the positive 
plates then accounted for 42 per cent of tlie total but should be less 
now^ with the newer alloys. Shedding of the positive active material 
was a cause in 7 to 10 ])er cent of the butteries. C’racked partitions 
and leaking cases accounted for nearly one-third of the total. Buckled 
])lates and short-circuited separators produced failure in 10 to 12 per 
cent of the batteries. Negative plate failures were about 10 per cent. 
Sulfation, which is the magic word of those who would seek to cure 
it by adding some of the common sulfates, ai)pears, therefore, much 
less important. It is only one factor causing buckled j)lates and nega- 
tive failures. At most, sulfation is a cause of failure in less than 
one-fifth of the batteries. 

Overcharging 

Overcharging produces corrosion of positive* grids and excessive 
gassing, which loosens active material in the plates, particularly the 
positives. This material, sifting down between the separators and the 
plates, is deposited in the bottom of the jar as a fine brown sediment. 
Overcharging also increases the temperature of the battery and in some 
cases may carry it to excessive temperatures which are destructive 

16 F. E. Kretzschmar, Die Krankheiten des Bleiakkmnulalors, 3d ed., R. Olden- 
bourg, Munchen, 1929. J. D. Huntsberger, Causes and remedies for troubles with 
lead-acid storage batteries, Factory Management and Maintenance, 107, 143 (July 
1949). 
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both to the plates and to the separators. Some cases of buckling of 
the plates are to be attributed to overcharging, although this is by no, 
means the only cause. Overcharging, which is accompanied by exces- 
sive gassing, results in a needless loss of water, requiring constant 
attention to keep the cells filled to the proper level with electrolyte. 
Occasional overcharging is beneficial, but habitual overcharging de- 
creases the period of useful service that the battery can give. 



Fig. 104. Buckled plates. There are a number of causes for this, but perhaps 
the most common is undercharging. 


Undercharging 

Consistent undercharging of the battery results in a gradual running 
down of the cells. This is indicated by progressively lower values of 
the specific gravity readings and by a tendency of the plates to become 
somewhat lighter in color. The sediment deposited in the bottom of 
the jar when undercharging has been prolonged is usually a fine white 
powder, consisting principally of lead sulfate. Some of this material 
is deposited each time the cell is recharged. Consistent undercharging 
generally results in one or more of the cells becoming exhausted before 
the others, and some of these may become reversed by the other cells 
of the battery. When this occurs the most obvious remedy is to charge 
the battery until all the cells are again in normal condition. Equal- 
izing charges should be a part of the maintenance schedule of station- 
ary batteries. Insufficient charging is one of the most common causes 
of buckling of the plates (see Fig. 104). The lead sulfate occupies 
more space than the original material, and an excessive amount of it 
strains the plates. 
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Difficulties with the Charging System 

Difficulties arising in the operation of starting and lighting batteries 
may in some cases be traced to difficulties with the charging system. 
The battery is generally held accountable for its own failures and those 
of the charging system also. Under normal conditions of operation of 
the car, the battery should begin to charge when a speed of about 12 
to 15 miles per hour has been reached. Unless the generator cuts in at 
the proper speed, the battery will not receive its normal amount of 
charge. There is also the possibility of grounded circuits or partial 
grounds, which drain the battery and keep it in a more or less dis- 
charged condition. This can only be detected by testing the different 
parts of the circuit with a voltmeter. The charging system is always 
provided with some means of regulation that prevents the battery from 
receiving excessive currents when the car is being operated at high 
speeds. 

Corroded Terminals 

Corroded terminals may prevent a battery from delivering sufficient 
current for starting an automobile engine. This is because the prod- 
ucts of the corrosion are non-conducting substances which form a layer 
between the terminal of the battery and the clamp connector connected 
to it. This film will not ordinarily interfere with the charging of the 
batteries or the use of the batteries for lighting lamps on the car but 
will make the resistance too great for the passage of the large currents 
required during the starting period. The products of corrosion should 
be removed and the parts cleaned with a dilute solution of ammonia 
to neutralize the acid and then should be covered with Vaseline. 

Cracked or Broken Jars and Cases 

Cracked or broken jars of batteries in trays can ordinarily be de- 
tected by leakage of electrolyte or, if the crack is slight, by the neces- 
sity of adding more water to the cell having a cracked jar than to the 
others. In such a case, the electrolyte of the cell will gradually become 
diluted, and this will result in diminishing the capacity of the cell. 
The obvious remedy is to replace the broken jar as soon as it is dis- 
covered. 

Cracks in the partitions between cells in composition cases result 
in the gradual discharge of one or two cells in the battery, the leakage 
path between the cells being through the electrolyte. This occurs more 
frequently in batteries which are 18 months or more old. The first 
symptom noticed is usually the failure of the battery to hold charge. 
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The cells are in a state of unequal charge. Sometimes the position 
of the crack can be determined by running the corner of a hot putty 
knife along the top edge of the partition. Cases having this defect 
should be replaced or the battery discarded. 

Glass- jar batteries which are cracked and leaking require prompt 
attention. It is usually necessary to remove the element from the 
jar and to immerse it in water in a non-metallic receptacle. The 
negative plates should not be allowed to become dry. If repairs can- 
not be completed within a week or two, the positive plates should be 
removed and dried. Negative plates should remain in water. When 
reassembled, new separators will be required. j 

Short Circuits 

Short circuits within the cells may be caused by a breakdown of one 
or more of the separators between the positive and negative plates; 
by the excess accumulation of sediment in the bottom of the jars; or 
by the formation of a tree-like structure of lead from the negative to 
the positive plates. Treeing may result from two causes: (1) Sedi- 
ment, brought to the top of the electrolyte by gas, settles on the toj) 
of the plates and bridges over the to])s of the separators. This is 
sometimes called ‘^mossing.^’ (2) The presence of certain materials 
in the grids, such as cadmium, that cause the growth of trees at the 
side or bottom of the element. Pure lead grids have a tendency to 
grow trees from the negative to the positive plates. The presence of 
antimony in the grids, however, counteracts the tendency to treeing. 

The evidences of short circuits within the battery are: (1) continued 
low readings of the specific gravity even though the battery is receiving 
a normal amount of charge; (2) rapid loss of capacity after a full 
charge, and (3) low open-circuit voltage. The remedy for this condi- 
tion is to disassemble the cells, \vash out the accumulated sediment, 
and replace the old separators with new ones. 

Separator Failures 

Wood and rubber separators are subject to mechanical failures as 
a result of strains and pressures of buckled plates or too tight packing 
of the element. They are subject to chemical action resulting in 
failure (1) by acid attack if the electrolyte is too concentrated or its 
temperature too high; (2) by oxidation in contact with the positive 
plate, which takes place very slowly in normal service but which may 
be accelerated by the presence of impurities in the electrolyte. Man- 
ganese and cobalt are typical. 

Wood separators which have become thin and perforated should be 
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dried and examined for a silvery appearance. If this is found, it is 
likely that manganese is the cause of their failure. 

Wood separators which have become black are charred as a result 
of immersion in too strong or too hot acid. These separators have lost 
nearly all their mechanical strength. Pitting of separators may be 
caused by oxidation on the side next to the positive plate, or it may 
originate on the other side as a result of blisters on negative plates. 
Separators notched on the bottom are usually evidence of elements too 
loosely packed. The notches are made by the ribs in the bottom of 
the jars. Glass mats used without wood or microporous separators 
are subject to “treeing,” which causes failure by short circuit. 

Worn-Out Plates 

Worn-out plates arc ordinarily detected by a decrease in capacity 
of a battery which is receiving adequate charge. The specific gravity 
of the electrolyte may rise to the customary value, but the capacity 
on discharge is below normal. Eighty jicr cent of the rated capacity 
is usually taken as the end of service life. This loss of capacity may 
be more evident at high rates of discharge than at low rates. If the 
plates arc examined, positives which have shed finely divided, active 
material more or less evenly from the whole plate are characteristic 
of long normal service. They are simply worn out. Corroded grids, 
loss of active material in lumps, and cracked frames arc evidences of 
faulty charging arrangements. Positive plates which are hard like 
unglazcd tile are heavily sulfated. For these a slow charge of as much 
as 100 hours may be necessary to restore them to use again. Negative 
plates which do not show a metallic streak when stroked with a knife 
are not in normal condition. “Sandy” negatives are usually the result 
of too concentrated acid electrolyte, too high temperatures, or under- 
charged condition. Prolonged charging may eliminate this sandy con- 
dition, but otherwise the plates are worn out. 

Electrolyte below the Tops of the Plates 

If the electrolyte is allowed to remain consistently below the top 
of the plates, an abnormal sulfation (see Fig. 105) takes place and the 
plates crumble. This is generally the result of neglecting to add the 
necessary water to replace evaporation. Unless the injurious effects 
have gone too far, it is sufficient to fill the cells with water to the proper 
level and allow the battery to continue its normal operation. 

Electrolyte should not be added under any circumstances unless 
it is known that electrolyte has been lost from the cell. Whenever it 
is necessary to add acid to the cells, the acid should be in diluted form. 
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Fig. 105. Negative plate sulfated near the top, showing the effeot of too low 
a level of the electrolyte. 



Fig. 106. Positive plate showing loss of active material. 
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The cells should be placed on charge and the concentration of the elec- 
trolyte within the cells adjusted to the proper value before the conclu- 
sion of the charge. 

Freezing 

Sometimes freezing may be very destructive to the plates, but it is 
by no means certain that freezing will injure the battery. When 
freezing occurs, water crystals separate from the body of the electro- 
lyte. These water crystals cause some expansion of the active mate- 
rials of the plates, particularly if the pores of the plates are clogged 
with lead sulfate as a result of the discharged condition of the battery. 
The plates may become buckled, and the active material may be pushed 
out of the grids. Experiments with small plates in a fully charged 
condition carried to a temperature below the eutectic point, so that 
the entire mass of the electrolyte was solid, showed no destructive 
action on the plates. Under ordinary circumstances, however, freez- 
ing will only occur when batteries are in a discharged condition, and 
freezing then may destroy the plates. 

Impurities in the Solution 

Impurities in the solution may come from impurities initially present 
in the sulfuric acid, or in the plates, or from the container, or they may 
be added accidentally as, for example, by the use of impure water to 
replace losses caused by charging and evaporation. Storage batteries 
are particularly sensitive to certain kinds of impurities, and these have 
been described in Chapter 3. Perhaps the most common of the metal- 
lic impurities in the storage-battery electrolyte is iron. Iron produces 
discharge of the plates by being oxidized to the ferric condition at the 
positive plate and reduced to the ferrous condition at the negative 
plate. During this process the iron diffuses from one plate to the 
other, but it is not deposited upon cither electrode. Some impurities 
in the electrolyte can be eliminated by pouring out the electrolyte and 
flushing the cells with distilled water, which in turn is also poured out. 
The cells are then filled with pure dilute electrolyte, which is adjusted 
to the proper specific gravity at the conclusion of a full charge. 

Spalling of the Active Material 

Blocks of the active material break out of the plate, as shown in 
Fig. 106. There are a number of possible causes for this effect, which 
is observed most often with positive plates but may occur with nega- 
tives also. Among the causes are the following: the active material 
may not have made good contact with the grid ; the plate may not have 
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been thoroughly dried; the plate may have been overpasted and the 
surface blown off by the formation of gas during charge; too high a 
charging rate; the active material may have been too hard and have 
cracked when the plate was dried or after formation; excessive sulfa- 
tion may have cracked the active material. Usually the cause of the 
defect is to be found in the plate itself. The obvious remedy is to 
replace the defective plates with those of better quality. 

Sulfation 

The word '^sulfation” has been used in several senses, and this 
has led to some confusion. In general it means the formation of leadj 
sulfate on the surface and in the pores of the active material of the 
plates. Sulfate forms as a natural part of the process of discharge, 
and this fact is expressed by the chemical formula for the reac- 
tions discussed in Chapter 4. This sulfate is finely crystalline and 
easily reduced by the charging current. Sulfation in this sense is a 
necessary part of the o])eration of the battery and is not a source of 
trouble. 

Lead sulfate is also formed as a result of local action or self-dis- 
charge of the plates. This is brought about by parasitic currents or by 
the action of the acid solution on the materials of the plates. The rate 
at which sulfation, in this sense, proceeds depends on the concentra- 
tion and temperature of the electrolyte. The lead sulfate formed as 
a result of local action is easily reduced by the charging current, unless 
it is neglected. 

The third and perhaps most common use of the word sulfation 
applies to the large crystals or crusts of lead sulfate that may form 
on the plates as a result of neglect or misuse. Excessive sulfation of 
this kind is difficult to reduce and may injure the plates. The active 
material of the positive plates which are sulfated is frequently light 
in color, and white spots of sulfate appear, but the color is not always 
a safe criterion. It may be quite dark, and the presence of excessive 
sulfate is revealed by a hard, rough surface and the gritty feeling of 
the material when rubbed between the fingers. Sulfated negatives 
likewise are hard, expanded, and gritty. They do not show a good 
metallic streak when stroked with a knife. Sulfation in this sense is 
the result of some form of abuse, as (1) allowing the battery to stand 
in a discharged condition for a considerable time, (2) neglecting to 
make repairs when evidence of trouble within the cells becomes ap- 
parent, (3) filling the cells with electrolyte when water should have 
been used, (4) operating the battery at excessive temperatures, (5) 
persistent undercharging. Excessive sulfation can be avoided with 
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reasonable care, and it is doubtless true that the liability to sulfation 
of lead batteries has been exaggerated. 

When a battery stands in a discharged state the crystals of sulfate 
grow larger and are more diflScult to reduce by the charging current. 
Lead sulfate is sparingly soluble in sulfuric acid electrolyte, but the 
solubility increases at higher temperatures. Temperature fluctuations 
to which a battery may be subjected as it stands idle play an important 
part, therefore, in forming this hard sulfate. When the temperature 
of the battery is increased even slightly the smaller crystals of lead 
sulfate dissolve, and when the temperature falls again this lead sulfate 
crystallizes out slowly. As a result of such temperature cycles the 
large crystals grow at the expense of the smaller ones. The crystals on 
the positive plate are usually larger than those on the negative plate. 
This is probably because they grow more slowly. Sections of the 
active material may be pushed out of the grids and the positive grids 
fractured. 

Various cures for sulfated batteries have been proposed. However, 
a simple and ctTective remedy for this condition is to pour out the 
electrolyte and All the cells with water. After b(;ing allowed to stand 
for about an hour, the battery may be put on charge^ at a low rate of 
current, provided that the voltage at the terminals of the cells is less 
than 2.3 volts per cell. The resistance of the battery wull be high at 
the start and the current initially small, but the current will increase 
as the sulphate is broken down if the voltage at the terminals is main- 
tained. The cells will take the current as fast as they are capable of 
being charged, and the process becomes more or less automatic, but the 
temperature must be watched and the batteries cut off or the current 
decreased if the temperature reaches 43° C (110° F). The charging 
may also be done by the constant-current method at a low rate. The 
water that was put in the cells becomes a solution of sulfuric acid as 
the charge proceeds, and readings of the rising specific gravity can be 
made. If the final specific gravity obtained after prolongcul charging 
becomes constant at too low a value, more electrolyte should be added. 
It not infrequently happens that the specific gravity of the electrolyte, 
initially water, will rise above the normal figure, say 1.280. This is 
clear evidence that acid has at some time been added to the cells 
improperly, that is, when they needed only water. 

Grid Corrosion 

This is one of the more common causes of battery failure. Long- 
continued overcharging causes oxidation of the positive grid structure, 
decreasing the cross section of the grid wires and eventually leading to 



312 


Storage Batteries 


collapse of the plate. The newer alloys should be less subject to this 
trouble. There are other causes of grid corrosion. Sometimes the 
active material becomes separated from the grid, and white patches of 
sulfate appear along the grid wires. Lead sulfate is no protection to 
the underlying metal. As an insulator it makes difficulty in charging 
the positive active material. Figure 107 shows a plate in advanced 
stages of sulfation along the lines of the grid. Attack by organic acids 
is another cause of failure. Of these acetic acid (see page 145) is 
perhaps the worst, but many organic acids produce similar effects. 
Inorganic acids such as nitric, hydrochloric, and perchloric acids attack 
grid metal. Some corroded brittle grids with soft positives and gritty 
negatives are attributed to electrolyte of excessive strength or above 
a safe operating temperature. 

In aggravated cases the grid is converted to lead dioxide, an example 
of which is shown in Fig. 108. Fractures of the grid result from its 
weakened condition and from the excessive expansion of heavily sul- 
fated active material. 

Lander studied the corrosion of lead in sulfuric acid solutions and 
found that below potentials for PbOo formation tetragonal PbO is 
produced on the lead. This is attacked chemically resulting in for- 
mation of PbS 04 . In a later paper he studied the corrosion and 
growth of positive grids in the lead-acid cell. 

Reversal 

Reversal may be caused by the overdischarge of a cell deficient in 
capacity when in series with others that have greater capacity or are 
more fully charged; generally, however, it is the result of charging a 
battery in the wrong direction, and then all cells are reversed. The 
reversal first becomes complete along the lines of the grid, but in the 
middle of each pellet some of the original brown active material can 
usually be seen. The active material becomes rough. A partially 
reversed plate contains both positive and negative active material and 
is subject to strong local action. Sometimes reversal of negative plates 
of the Plante type is resorted to in order to restore their capacity. 
The sponge lead of these plates shrinks and solidifies, the plate losing 
a large part of its capacity. By reversing it to a positive and then 
back to a negative the capacity can be greatly increased. Reversal of 
pasted-plate cells is not desirable. 

17 J. J. Lander, Anodic corrosion of lead in H 2 SO 4 solutions, J. Electrochem. 
Soc., 98, 213 (1951) ; Effect of corrosion and growth on the life of positive grids 
in the lead-acid cell, ibid., 99, 467 (1952). 
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Growth of Positive Plates 

Positive plates are subject to growth, but this condition should be 
considered abnormal. The cause of growth is usually the presence of 
organic acids, of which acetic acid is a typical example. This attacks 
unprotected portions of the grids causing oxidation of the metal. 

Plante positives gradually shed active material as they are used, 
and the formation of new active material takes place. This is made 
from the underlying lead of the plate. The lead dioxide occupies more 
space than the lead from which it is formed, and expansion results. 
Plates that have grown several inches in length and a less amount in , 
width are occasionally found. Figure 109 shows a positive plate that ( 
has grown. ' 



Fig. 109. Growth of a Plante posi- Fig. 110. Shrinkage of a pasted neg- 
tive plate resulting in buckling. ative plate. This is an abnormal 

condition. 
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Shrinkage of Negatives 

The surface of the negative plate is in a state of flux during charge 
and discharge, and as a result the sponge lead tends to solidify, that is, 
to shrink (Fig. 110). This results in decreased capacity. To counter- 
act this tendency, expanders are added to the pastes of the negative 
plates when they are made, as described in Chapter 2. The active 
material of Plante plates also shrinks, losing cai)acity. Various treat- 
ments have been devised to retard this effect, and reversal is sometimes 
resorted to, as noted in the section on reversal. 

Explosions 

The gases liberated during charge are hydrogen and oxygen, which 
explode with violence if a flame or spark ignites them. Figure 111 
shows a double-compartment battery which exploded while on charge 



Fig. 111. Storage cells of the double-chamber type, damaged by an exiilosion 

of gas. 

because of a bad contact. The force of the explosion has blown out 
the side of the upper compartment, and the scams of the carrying case 
have opened up along the edges. 

Static sparks are usually unexpected and sometimes result in explo- 
sions. Sparks are more likely to occur when the atmospheric humidity 
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is low. Several authors have stated that such sparks do not occur if 
the humidity is above 60 per cent. A person walking on a woolen rug 
or on insulating floor material, paper running through a printing press, 
leather belts on motors, contacts of silk, woolen, or fur clothing, moving 
vehicles on rubber tires and other conditions may result in static 
charges and sparks. These may seem far removed from battery opera- 
tion, but battery explosions have been traced to floor materials, leather 
belts, and silk parachutes. Some battery attendants are instructed to 
ground themselves by touching a grounded metal part before working 
on a battery. 

Sparks from other causes, such as removing clips from battery 
terminals or accidental short circuits, can usually be avoided by follow-! 
ing simple and obvious rules of safety. A charging circuit should be 
broken before connectors at battery terminals are removed. 

The lower limit for explosive mixtures of hydrogen in air is 4.1 
per cent, but for safety hydrogen should not exceed 2 per cent. The 
upper limit is 74 per cent. Maximum violence occurs at a mixture 
of 2 parts of hydrogen to 1 of oxygen, this being the composition of 
water. 

The Bureau of Mines^^ has made extensive investigations of the 
hazards involved and the precautions to be taken in tlie use of mine 
locomotives. The hazard is in part due to the battery but involves 
also operation in ‘^gaseous’^ atmospheres. 

Ventilation of battery rooms is worthy of careful consideration. 
When all the charging current is being expended in the liberation of 
gas, each ampere-hour produces 0.418 liter of hydrogen gas, H 2 . 
This streams upward and without complete mixing with the air of the 
room may give rise to higher concentrations in the upper part of the 
room than near the floor. This subject is covered in another Bureau 
of Mines paper. 

The discussion above relates to causes occurring outside the battery 
or cell, but explosions for which no probable cause can be assigned are 
not unknown. Some of these point clearly to the cause being within 
the cell. In one recent case the remaining parts of the cell revealed 
that corrosion of the positive terminal post, under the cover, had 
proceeded to the stage where only a small metallic "contact remained. 

L. C. Ilsley, E. J. Gleim, and H. B. Brunot, Inspection and testing of mine- 
type electrical equipment for permissibility, U. S. Bur. Mines, Bull. 305 (1929). 
See also BuU. 306 and 313. 

^®G. W. Jones, John Campbell, R. E. Dillon, and 0. B. Benson, Explosion 
hazards in storage-battery rooms, U. S. Bur. Mines, Tech. Payer 612 (1940). 
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No one was near the battery at the time of the explosion, but it 
occurred at the instant that a heavy load was thrown on the battery. 
It seems probable that the current burned through the corroded con- 
nection above the level of electrolyte and ignited the gas within the cell. 
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RESISTANCE OF THE BATTERY AND ITS RELATION TO 
THE EXTERNAL CIRCUIT 

The internal resistance of a storage cell is very small and for many I 
purposes may be neglected entirely. When large currents are required, \ 
however, as wdien an emergency arises, or when a tractor begins to pull 
a heavy load, or in cranking an automobile engine, the resistance of the 
battery and its intercell connections becomes more important. In this 
chapter is given a simple discussion of the applications of Ohm^s law 
and the resistance characteristics of storage batteries. 

Every electrical circuit offers some opposition to the flow of elec- 
tricity through it. This is called resistance, and the unit of resistance 
is called the ohm. For any direct-current circuit of which the resist- 
ance is constant, the current of electricity that flows is proportional 
to the voltage applied to it. This relation is expressed by equation (1) 
which is called Ohm^s Law: 

I-E/R (1) 

The current in amperes is represented by /, the voltage in volts by 
Ej and the resistance in ohms by R. 

The current flows through the external circuit from the lead dioxide 
plate to the sponge-lead plate, or in the alkaline battery it flows from 
the nickel oxide tubes through the external circuit to the pockets con- 
taining the iron; that is, the current always flows from the positive to 
the negative terminal. The current, however, does not begin with one 
plate and end with another but flow^s through the cell as well. The 
resistance of the circuit therefore includes not only the resistance of 
the external circuit but also the so-called internal resistance of the 
cell or battery. We may therefore write equation (1) in the following 
form: 

/ = + 6 ) ( 2 ) 

where R' is the resistance of the external circuit, b the resistance of the 
cell, E the total electromotive force of the cell or, as it is sometimes 
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called, the ''open-circuit voltage.” The value of b varies somewhat 
with the state of charge of the cell and other factors. It is highest 
when the cell is completely discharged. The current I is the same in 
all parts of the circuit. 

Equation (2) may also be written as 

E JIV + lb (3) 

That is, the total voltage drop is divided into two parts, one of which 
is the potential difference or voltage drop, JR% across the terminals of 
the resistance R' due to the current / flowing through it; the other part 
is within the cell itself. The quantity b is ordinarily so small in stor- 
age batteries that the product Ib may be neglected in comi)arison with 
TR\ If, however, the current / is very large, the product of Ib may 
amount to several tenths of a volt. The effect of this is to reduce the 
useful voltage of the cell. 

The power developed in such a circuit is the rate of expenditure of 
tlie electrical energy, or in other words it is the rate of doing work. 
The work that the electric current does is proportional to the current, 
the voltage, and the time. It is expressed by a unit called the joule or 
the volt-coulornb, designated by IT. If the time in seconds is expressed 
by t, the work done by the electric current is 

W- lEt (4) 

If the circuit contains resistance only, the energy of the electric current 
will be converted into heat. By combining equations (1) and (4), we 
have 

W = I^Rt = EH/R (5) 

That is, the work done in heating the circuit of R ohms is given by 
equation (5), from which we may at once obtain the power expended 
by dividing the equation through by the time, which gives the rate at 
which the work is done. Letting P represent the total power expressed 
in watts, we have 

p^W/t--IE-= r^R = E^/R ( 6 ) 

We may consider the complete circuit as made of two parts as 
before, one external to the battery and the other the internal resistance 
of the battery itself. The power expended in each part of this circuit, 
considered as of resistance only, is obtained by combining equations 
(3) and (6) : 

P = = I2R' + /25 = E^/(K' + b) 


( 7 ) 
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The part I^b is expended in heating the cell and is lost. It should 
be noted that this loss increases as the square of the current. This 
factor reduces, therefore, the watt-efficiency of the battery, particularly 
at high rates of discharge, and limits the useful power that the battery 
can give. 

When several cells are connected in series, the resistance of the 
battery is the resistance of all the cells added together. If similar 
cells are connected in multiple, the resistance is reduced by a factor 
one divided by the number of rows in multiple. Ohm^s law applied 
to a battery having s similar cells in series and p rows in multiple is 
therefore. j 

T — /g' 

R' + (sb/p) ^ 

The circuit external to the battery absorbs part of the power which\ 
is designated as P^, in equation (7). The voltage drop across the \ 
terminals of this part of the circuit will be P', which is less than the 
total value of E by the amount equal to Ib, which is the drop within 
the cell itself. If the current is I the power expended in this part of 
the circuit will be 

Pi - IE' (9) 

If this part of the circuit consists only of resistance, all of the energy 

will be expended in the form of heat and from equation (7) we have 

IE' = /2P' 

Since the values of E and b are practically constant, the total power 
generated by the battery in a circuit consisting only of resistance will 
be small by equation (7) if the value of I is small but will increase as 
the current increases. The maximum current is obtained when the 
external resistance R' is made equal to zero as shown by equation (8) . 
Here the power generated is a maximum, but it is all expended within 
the battery itself in the form of heat and no useful work is done. 
Between these two extreme conditions lies the maximum useful power 
delivered to the external circuit. The total power generated by the 
battery, equation (6) , is P == IE. The power wasted in the battery 
(considered as a single cell) is by equation (7). 

P2 = Ph 

The power delivered to the external circuit is then 

E^R' 

{R' + 6)2 


P -- P2 = Pi = - Pb = 


( 10 ) 
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The condition that Pj shall be a maximum is found by differentiating 
it with respect to P' and equating to zero : 

dPi (ft' + hYE^ - 2Em'{R' + b) 
dR' ” (ft' + hY 

whence 

(ft' + b) - 2ft' = 0 

and 

ft' = b (11) 

That is, assuming E and b to be constant, the resistance of the external 
circuit which receives maximum j^ower from the battery is equal to the 
internal resistance of the battery. 

The external circuit may contain some apparatus for transforming 
electrical energy into something besides heat, as for example a motor 
to transform the electrical energy into mechanical energy. In this case 

IE' is greater than /"ft' 


IE' - PR' = I{E' - IR') = IE" (12) 

The factor (£" — /ft') is called the counterelectroinotive force of 
the circuit. The rate of conversion of energy of the battery into 
mechanical energy, for given conditions, is equal to the expression 
I{E' — /ft'). The useful mechanical energy obtained is equal to this 
multiplied by the mechanical efficiency of the motor. 

The equation for the mechanical power is, therefore, (13) where Ci 
is a constant. 

Pm = ClIE" (13) 

The counterelectromotive force is variable, depending on the speed 
and the magnetization. The current delivered by the battery is 


E ~ E" 
ft' + h 


Combining (13) and (14), 

Ci{E - E")E" 
" - “ (ft' + b) 


(14) 

(15) 


From which the condition for maximum mechanical power is obtained : 
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whence i?" = £/2 and 


CiE^ 

HR' + b) 


( 16 ) 


Equation (14) shows that the current delivered by the battery 
varies inversely as the battery resistance. The battery resistance, 
therefore, affects the torque and consequently the power that a given 
motor can exert, since the torcjiie is a function of the armature current 
according to the equation: 

torque = C 2 <#>/ (17) 


where Co is a constant and <t> the flux. 

Similarly, the s])eed of rotation is given by the equation: 

speed = (E'V</>) (18 

The product of equations (17) and (18) gives the expression for th(\ 
mechanical power, equation (13), in which the constant depends on'' 
the units employed. 



Fig. 112. Power available at various rates of discharge. 


A battery is seldom required to deliver maximum power, but in 
emergencies or for short periods of time the relation of battery resist- 
ance and voltage to the outside circuit may be important. 

Figure 112 shows curves, obtained experimentally, that illustrate 
the above statements. The battery used for these experiments was a 
small one, having a capacity of about 140 ampere-hours at the 5-hour 
rate of discharge. The voltage at the cell terminals falls to one-half 
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its open-circuit value at about 600 amperes. This means that the droj) 
in voltage because of the ohmic resistance of the cell is equal to the 
voltage drop in the external resistance when the cell discharges 600 
amperes. As was shown above mathematically, this is the point of 
maximum power, and the curve marked ‘Vatts per cell’^ has a maxi- 
mum at this point. The average internal resistance may be calculated 
from the slope of the voltage curve. It is found to be 0.0016 ohm. 
Other cells having different resistances would give results differing 
from these curves, but the principle is illustrated by this figure. 

No specific statement as to the internal resistance of the many types 
and sizes of lead-acid batteries can be made. In general the larger 
sizes have the smaller resistance. Thus a small radio B battery has a 
resistance of about 0.1 ohm per cell; larger B batteries and small 
miscellaneous types have a resistance of a few hundredths of an ohm 
per cell; starting and lighting batteries and small motive-power bat- 
teries liave a resistance of a few thousandths of an ohm per cell; larger 
motive power batteries have a resistance of less than 0.001 ohm ])er 
cell; very large motive-power batteries for locomotives have a resist- 
ance as low as 0.0001 ohm per cell. 

FACTORS WHICH AFFECT THE RESISTANCE 

The first and perhaps tlie most obvious source of resistance in the 
battery is the electrolyte. Accurate data on the resistivity of sulfuric 
acid solutions are available, and a table of values covering the range 
of concentrations in storage-battery practice is to be found in Chapter 
3. Experiments by Morse and Sargent^ on the resistance of storage 
cells have shown the variation with tem})erature to agree closely with 
the temperature-resistivity curves for the acid solution of correspond- 
ing specific gravity. As the temperature rises the resistance falls 

The presence of the separators adds a small amount to the internal 
resistance of the cells, particularly if perforated or slotted rubber sepa- 
rators are also employed. The resistance of separators cut from 
various kinds of wood is given in Table 8. 

A third factor contributing to the resistance of the cell is the re- 
sistance of the active material and grids. Lead dioxide is classed as 
a semiconductor but is unique in being a better conductor than other 
oxides, more nearly approaching metals. Measurements of its re- 
sistivity in massive form by Palmaer^ indicated 0.92 X 10“^ to 

1 H. W. Morse and L. W. Sargent, The internal resistance of the lead accumu- 
lator, Proc, Am. Acad. Sci., 4^^ 589-611 (1911). 

2 W. H. Palmaer, t)ber die elektrische Leitfiihigkeit und einige anderer Eigen- 
schaften des regulinische Bleisuperoxyde, Z. Elektrochem., 29, 415 (1923). 
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0.97 X 10“^ ohm-cm. Thomas^ reported the resistivity at room tem- 
perature to be 1 to 3 X 10"“ about equal to the resistivity of bismuth 
and mercury. In the porous form, as lead dioxide exists in the positive 
plate, Thomas reported the resistivity to be 74 X 10“*^ ohm-cm. The 
resistivity of the sponge lead of the negative plate is given by Crennell 
and Lea^ as 1.83 X 10~'* ohm-cm, increasing when in the discharged 
state by about 20 per cent. Comparing these figures with the resis- 
tivity of the grid metal (Table 3, page 16) for the 7 per cent alloy, 
2.59 X 10~5^ it is apparent that the sponge lead of the negative plate 
is almost as good a conductor as the grid itself. 

The resistance of the various parts of the cell has an important 
bearing on the distribution of current at the plates during discharge. 
Crennell and Lea have found that the current density in a cell having 
plates 77 cm high is not uniform over the surface. The greater part 
of the discharge comes from the upper portion, and, further, the current, 
density in any particular place changes during the progress of the ' 
discliarge. The current density at the top of the plate is initially high, 
but it decreases while the low current density at the bottom of the 
plate increases, and both approach a limiting value about equal to that 
maintained throughout the discharge at the middle of the plate. 

Another factor affecting the resistance of a storage battery is the 
state of charge. Lead sulfate, which forms on the plates during dis- 
charge, is a non-conductor, and its presence increases the resistance 
to the passage of the electric current. The resistance of the lead-acid 
cell begins to increase slowly as soon as the discharge begins, and 
toward the end of the discharge the increase is much more rapid, 
reaching values from two to three times as great as the initial resist- 
ance. Morse and Sargent found that the characteristic resistance 
curves for Plante plates differ somew'hat in shape from those of pasted 
plates. The curves for the Plante plates reach higher values, and the 
last rapid rise is preceded by a short region of almost constant values 
which these authors attribute to the distribution of active material 
on the plate. 

During the first part of charge the internal resistance is high, but 
it falls gradually until gassing begins, when there may be a temporary 
rise in values because of polarization phenomena. The resistance 
may continue to fall for a time after the battery is disconnected from 
the charging line, because of the gradual equalization of the acid con- 

3U. B. Thomas, Electrical conductivity of lead dioxide, J. Electrochem. Soc,, 
94, 42 (1948). 

4J. T. Crennell and F. M. Lea, The distribution of current density in lead 
accumulators, J. Inst. Elec. Engrs., London, 66, 529 (1928). 
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centra tion and the dissipation of the gas layer on the active material. 

The resistance of the alkaline batteries also increases during dis- 
charge and falls during charge, but the reasons for this are not the same 
as for the lead battery. The resistance of the alkaline batteries is 
higher than for the acid batteries of corresponding sizes, mainly be- 
cause the resistivity of the electrolyte is greater. 

During charging there is a back electromotive force that opposes the 
applied potential. The magnitude of this back electromotive force 
depends on the concentration of the acid in the pores of the plate and 
the prevalence of lead ions in the electrolyte. The difference between 
the impressed voltage and this back electromotive force is the effective 
electromotive force across the cell, and this, together with the resist- 
ance, determines the charging current that flows at any instant. 

METHODS OF MEASURING THE RESISTANCE 

The measurement of the resistance of storage batteries presents 
unusual difficulties, because of the small values and the complications 
arising at the surface of contact between the electrolyte and the elec- 
trodes. A bibliography on this subject may be found in the paper 
by Morse and Sargent. 

Accidental contact resistances at binding posts and elsewhere in the 
measuring circuit may introduce errors. The values obtained by the 
use of alternating currents do not agree with those from direct-current 
measurements, apart from any consideration of polarization phenom- 
ena. 

Direct-Current Methods 

The numerous direct-current methods that have been proposed for 
measuring the internal resistance of batteries are based on the appli- 
cation of Ohm’s law. The resistance of a cell is ordinarily defined 
by the equation 

6= (E-E')/I (19) 

The symbols have the same meaning as in the first part of this chapter. 
Preece® found many years ago that the values obtained by using the 
above equation vary with the values of I, the resistance becoming 
greater as the value of I was made smaller. This fact has been con- 
firmed by many subsequent observers, and it is true for dry cells and 
most other forms of primary batteries as well as for storage cells. 
This effect is shown in Fig. 113. Whatever the cause may be, it is 
evident that b is not a true ohmic resistance, since it does not obey 

® W. H. Preece, The charging of secondary batteries, Electrician, 15, 42 (1885). 
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Fig. 113. Resistance of a 12-cell, S-ainpcrc-hour battery at various rates of 

discharge. 



Fig. 114. Change in resistance during the period of recuperation. 
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Ohm^s law. The resistance varies, as is shown in Fig. 113, with the 
state of charge as well as with the current. A small battery was 
selected for these experiments as a matter of convenience. The re- 
cuperation of a battery after discharge results in a gain in voltage and 
a decrease in resistance, as Fig. 114 shows. 

Alternating-Current Methods 

In view of the difficulties of measuring the resistance of batteries 
by direct-current methods, the alternating-current methods, of wliich 
many have been proi)osed, deserve consideration, but only a few can 
be described here. It is desirable to prevent the battery from dis- 
charging through the bridge. Two methods have been proposed to 
accomplish this. The first and simplest is to connect two cells of like 
voltage in opposition and measure the combined resistance of the two. 
The second method is to put a capacitor in series with the cell to be 
measured. 

Nernst and Haagn® proposed a method which permitted measure- 
ments to be made on one or more cells which might be discharging 
a direct current through a local non-inductive circuit or be on open 
circuit as desired. This method w^as somewhat improved by Dolezalek 
and Gahl,'^ who eliminated the error introduced by the traveling con- 
tact of the bridge wire. 

The Wien bridge described by Grover,^ although designed for the 
measurement of capacity, can be used for the measurement of battery 
r(‘sistance, and it is superior to either of the foregoing bridges. A 
diagram of this bridge is shown in Fig. 115. The arms are designated 
as , ^ 2 , A 4 . The capacitor Co is of known value. The capac- 

itor Cl should be variable to compensate for the capacitance of the 
battery and must be calibrated. Capacitors of good quality are desir- 
able in order that the correction for absorption may be negligible. 
The resistances and R 4 are equal, and R 2 is a small fixed resistance, 
ft 1 is a small variable non-inductive resistance whose magnitude will 
depend on the resistance of the battery and the other resistances in the 
circuit. The condition for a balance of the bridge is: 

A2A3 - A1A4 = 0 (20) 

Since the capacitors usually have some absorption that may not be 

® W. Nernst and E. Haagn, Methode zur Bestimmung des inneren Widerstandes 
galvanischer Zellen, Z. Elektrochem., 493 ( 1896) . 

F. Dolezalek and R. Gahl, t)ber den Widerstand von Bleiakkumulatoren und 
seine Verteilung auf die beiden Elektroden, Z. Elektrochem., 7, 429 and 437 (1901). 

®F. W. Grover, Wien bridge (part of a paper on measurement of capacitance), 
Bull. Natl. Bur. Standards, S, 378 (1907); Sci. Paper 64- 
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negligible, Grover represents the absorption as fictitious resistances pi 
and p 2 y in series with the capacitors Cj and C 2 , respectively. Sub- 
stituting the impedances of the various arms in equation (20) and 



Fig. 115. Alternaling-furrent bridge for inoasuring resistance of storage cells. 


separating the real and imaginary parts, two equations are obtained, 
which are as follows: 



P2 + R 2 

Ri 

(21) 


PI + Ri 


and 

C 2 

— ^ 

(22) 


Cl 

Ri 

from which 

P2 + R 2 

Cl 

(23) 


PI + Ri 

C 2 


Assuming that the quantities pi and p 2 are negligible (if they are 
not, their values must be determined), Ri is the only unknown quan- 
tity in the equation and its value is obtained from the solution of 
equation (23). 

Ri = R 2 C 2 /C 1 (24) 

When the battery is in the circuit, the resistance of the arm Ai 
is JKi + f) and the battery resistance is obtained from the difference of 
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two measurements with the battery in and out of the bridge. The 
value of Cl is different in the two measurements. If the battery is 
discharging through a local circuit of resistance the effect of this 
resistance as a shunt circuit must be allowed for in equation (24). 

Another form of bridge suitable for the measurement of battery 
resistance, devised by the author, may be described as a resonance 
bridge in which the capacity reactance is balanced by an inductance 
and the capacitance of the battery is calculated from the change in the 
inductance when the battery is removed from the circuit. This bridge 
requires a very constant source of alternating current, free from 
troublesome harmonics. Some special apparatus, such as variable 
resistances and inductances, is also required. 

When a capacitor is placed in series with a battery, the impedance 
of the circuit is given by the expression 

+ (1/0)C)2 

where 1/<dC represents the capacity reactance of the capacitor and the 
battery combined. The resistance of the battery, squared, is extremely 
small as compared with the square of the capacity reactance. In order 
to eliminate the effect of the capacity, an inductance is tuned into the 
circuit so that 

(j)L = 

Whence the impedance of the circuit 



Balances of the bridge should be made with the battery both in and 
out of the circuit, and this is therefore a substitution method. To 
compensate for the battery, a low variable and non-inductive resistance 
is required. This was supplied by a straight copper wire that could 
be moved at will into or out of a copper-clad glass tube, filled with 
mercury. Since the storage cell or any other battery possesses a large 
electrostatic capacitance, the substitution of the mercury resistance for 
the battery requires a rebalancing of the inductances in the bridge. 
This was accomplished by the variable inductance, and from the change 
in this inductance the equivalent electrostatic capacitance of the bat- 
tery may be computed. The cells may be on open circuit while being 
measured or may be discharging through a local non-inductive circuit 
at any desired rate. A diagram of the circuit is given in Fig. 116. 
Ri and R 2 are non-inductive resistances of small values serving as the 
ratio arms of the bridge, JB 3 is a variable resistance for balancing the 
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bridge, C is the capacitor to prevent the battery from discharging 
through the bridge. L is a variable inductance, B the battery to be 
measured, with its local circuit consisting of an ammeter and resistance. 
In place of the battery may be substituted a heavy link. J24 is a non- 
inductive variable resistance to be used as a compensating resistance 

when the link replaces the battery. 
As a source of the alternating cur- 
rent a 5- watt electron tube, with 
loose coupling to the bridge, has 
been used. An amplifier has also 
been useful at times in the dete(^t- 
ing circuit. 

More recently Willihnganz^ h 
described a modified alternatin 
current bridge for measuring bat\ 
tery resistances of the order of 0.004' 
ohm with an estimated accuracy of 
2 per cent. The output of the 
bridge was amplified in three stages. 

Fir. 116. Resonance bn.lge. Hc founil tho nioasured resistances 

were inde])endent. of the frequency 
over a wide range. Genin^^^ published a i)aper giving an extended, 
review of methods and results, including diagrams of many of the 
various bridges which have been proj)osed. 

A question naturally arises in view of the above discussion: W'liat 
is the physical meaning of the resistances as determined by diri'ct- and 
alternating-current methods, and which is the true resistance? It 
seems likely that the alternating-current values are the true resistances, 
but they do not represent the effective values when the battery is 
being used for direct- current work. The resistance determined by 
direct- current measurements exceeds the resistance by alternating- 
current measurements. Since the resistance may vary with the current 
which flows through the battery, any measurement of resistance, to 
have a real significance, must be made under service conditions. 

A comparison of the alternating- and direct- current measurements 
of resistance of a small radio B battery of 12 cells of the lead-acid type 
is given in Table 59. This shows that the voltmeter-ammeter method 
is too slow to catch the values obtained by the oscillograph, but prob- 

9 E. Willihnganz, A bridge for measuring storage-battery resistance, Trans. Elec- 
irochem. Soc., 79, 253 (1941). 

G. Genin, La resistance interieur des accumulateurs au plomb et sa mesure, 
Rev. gen. elec., 66, 159 (1947). 
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Table 59. CoMPAKiisoN of Alternating- and Direct-Current 
Measurements of the Resistance of a Storage Battery 

(Measurements were made on a small battery of 12 cells of about 3-ampere- 
hour capacity. Values are expressed in ohms.) 


State of Charge 

D-C Resistance by 
Oscillograph Method 

D-C 

Resistance by 
Voltmeter- 
Ammeter 
Method 

A-C 

Resistance 

at 

1000 

Cycles 

Minimum jConstant 

Charged 

1 00 1 OS 

1 29 

0 99 

Partly discharged, 2 amp-hr 

2.00 2 23 

3 2 

I.IS 

Same, after standing 45 hr 

1.52 1 m) 


1 03 

Fully discharged, 3-2 amp-hr 

4 50 

G.4 

2 02 


ably the voltmeter-ammeter readings come the nearest to representing 
service conditions. 

The resistance of various sizes and types of Edison batteries can 
be computed easily from the data given in Fig. 117. These data are 
on a single positive-plate basis. To obtain the resistance in ohms per 
cell, divide the values read from the curve applying to the type of cell 
by the number of positive plates in the cell. 


0.07 


0.06] 
0.06 
1 0.04 

o 

0.08 

0.02 

0.01 


Edison Nickcl-lron-Alkaiine Storage Celia 
Virtual Internal Resistance during: Normal 
-Rate Dischargre 


Note; 


[Curves show resistance vuiues on a single 
positive plate basis. To obtain ohms per 
cell, divide curve values for the correspond' 
ing cell type Ipy the number|Of posjtive plates 
in the, re 11. 



B” Type 


A” Type 


Type 


Typd 


2 3 4 

Hours of JDlschargre at Normal Rate 

Fig. 117. Data from which the internal resistance of various types and sizes of 
Edison .s*t()rag(‘ cells ran be calculatt'd. 


Similarly the internal resistance of type S, Nicad nickel-cadmium 
cells can be approximated by dividing the value 0.15 by the rated 
ampere-hour capacity of the cell. That is, a cell rated at 100 ampere- 
hours^ capacity would have an internal resistance of approximately 
0.0015 ohm. 
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Efficiency 

The eifficiency of storage batteries is defined by the Standardization 
Rules of the American Institute of Electrical Engineers as follows: 

36-300, Efficiency. The ratio of the output of a cell or battery to the input 
required to restore the initial state of charge under specified conditions of 
temperature, current rate, and final voltage. 

36-301, Ampere-Hour Efficiency (Electrochemical Efficiency). The ratio 
of the ampere-hours^ output to the ampere-hours of the recharge. 

36-302, Volt Efficiency. The ratio of the average voltage during the dis- 
charge to the average voltage during the recharge. 

36-303, Watt-Hour Efficiency (Energy Efficiency). The ratio of the watt- 
hours output to the watt-hours of the recharge. 

The general expressions for efficiency will be considered first in this 
chapter, and then the conditions that affect the measurement of both 
the ampere-hour and the watt-hour efficiency. 

GENERAL EXPRESSION FOR THE EFFICIENCY 

If the current discharged by a battery at any moment be designated 
by 1 1 amperes, the quantity of electricity delivered during an infinitesi- 
mal amount of time, dt, is dt. For a longer period of time, repre- 
sented by ti hours, the quantity of electricity expressed as ampere- 
hours is given by the integral: 



dt 


Similarly, during the charging period, for which the current at any 
moment is 1 2 and the length of the charge t2, the total quantity of 
electricity passing through the battery is 



The ampere-hour efficiency, according to the definition given above, is 
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the ratio of these two integrals: 


Ampere-hour efficiency = 



dt 



dt 


If the current is kept constant during both the charge and the 
discharge, as is usual, this expression for the ampere-hour efficiency 
reduces to the simple ratio: 

The power delivered by a battery at any instant during its discharge 
is the product of the current and the terminal voltage. Expressing 
the latter in volts by Ei and the current as above, the power in watts 
is IiEiy and this multiplied by dt is equal to the energy delivered 
during the element of time. For a discharge lasting for a period of 
time ^1, the energy in watt-hours is represented by the integral: 



hEi dt 


The corresponding expression for the energy received by the battery 
during the charging period is 



dt 


The energy efficiency is the ratio of these two integrals: 


Energy efficiency = 


£hE2 


dt 

dt 


Either the current or the voltage may be kept constant during the 
charge and discharge. If the current is constant, the expression for 
the energy efficiency may be written 



El dt 



E2 dt 


X ti nt2 

El dt and E2 dt, 
values of Ei and E2 are drawn and integrated. 


the time curves of the 
The most convenient 
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means of doing this is with a planimeter. Multiplying the first integral 
by the steady value of the discharge current I\ and the second by the 
charging current / 2 , the watt-hours delivered and received are obtained. 

If both the current and the voltage vary, as when a battery dis- 
charges through a fixed resistance, the problem is somewhat more 
complicated but can be readily solved. 

The current and time factors should be chosen with reference to the 
conditions of actual service when efficiency tests are to be made. 

THE AMPERE-HOUR EFFICIENCY Y 

The ampere-hour efficiency is of importance from tlie standpoirjt 
of the operation of storage batteries and is a step in the determination 
of the energy or watt-hour efficiency. The cliemical reactions thai 
occur during charging and discharging are reversible, and it is naturally\ 
to be expected, therefore, that under favorable conditions the ampere-' 
hour efficiency should be only slightly less than 100 per cent. 

The ampere-hour efficiency depends very largely upon the com})lete- 
ness of the recharge. A portion of the charging current is ordinarily 
wasted in producing gas, and this reduces the efficiency. There are 
also accidental factors that may lower the efficiency, such as (1) the 
self discharge of the plates, commonly called local action, (2) leakage 
of current because of faulty insulation either inside or outside the 
battery. 

The completion of the charge is determined usually by continuing 
the charge at constant current until the voltage at the terminals of the 
battery reaches a maximum. Since this point can be determined only 
by carrying the charge beyond the point where the maximum is first 
reached, the efficiency will be low if calculated from the total amount 
of the charge. The ampere-hours put into the battery after the maxi- 
mum is reached can be neglected, but in any event the error of an effi- 
ciency determination based on a single cycle of charge and discharge is 
likely to be large. It is common practice, therefore, to base efficiency 
determinations on a series of many cycles of charge and discharge in 
accordance with the normal operating conditions. 

Temperature plays an important part in the measurement of effi- 
ciency, since the capacity of the battery is dependent very largely on 
the temperature, as has been shown in Cliapter 5. Temperatures 
below normal result in diminished capacity and efficiency, but an 
increase in temperature may raise the calculated efficiency to over 100 
per cent. This docs not mean, however, that the battery can continue 
to furnish more ampere-hours than it receives during charge, as a few 
repetitions of the experiment would quickly show. The physical sig- 
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nificance of a calculated efficiency in excess of 100 per cent is merely 
that the electrolyte diffuses more readily during discharge because of 
its decreased viscosity at the higher temperature, and therefore more 
of the active material of the plates may take part in the reaction than 
would otherwise be true. A standard temperature conforming to nor- 
mal operating conditions should be specified when efficiency tests are 
to be made. 

The rate of the discharge affects the capacity and, to some extent, 
the efficiency. The higher the rate of the discharge the lower is 
the delivered capacity, and a smaller number of ampere-hours are 
consequently required for recharging. The decrease in capacity of a 
battery because of increased rate of discharge is not accompanied by 
a corresponding decrease in efficiency. Tests on a group of vehicle 
batteries discharging at 45 and 90 amperes showed a decrease in 
ampere-hour capacity of 32 per cent at the higher rate as compared 
with the lower rate of discharge. Measurements of the ampere-hour 
efficiency of these batteries at the same rates gave 91 per cent at 45 
amperes and 87 per cent at 90 amperes. The decrease in efficiency 
was only 4 per cent. 

The following method for determining the maximum ampere-hour 
efficiency was suggested to the author by J. L. Woodbridge. A fully 
charged battery is discharged at some chosen current to a fixed cut-off 
voltage, careful measurement being made of the exact number of 
ampere-hours delivered. On the recharge the same number of ampere- 
hours are put back at the same current. A second discharge is then 
made to the same cut-off voltage as before. The efficiency of the bat- 
tery is then calculated as the ratio of the ampere-hours delivered dur- 
ing the second discharge to the ampere-hours put in on the charge. 
After correcting for the slight increase in temperature as a result of 
the charge, the ampere-hour efficiency by this method has been found 
to be within the range 98 to 100 per cent. Such a measurement does 
not, however, represent the ordinary service conditions. 

Nickel-iron batteries gas throughout nearly the entire period of 
charge and are subject to a rather large rate of loss of charge imme- 
diately after the charging period. The ampere-hour efficiency is there- 
fore somewhat lower than for the lead-acid batteries. By shortening 
the charging period, efficiencies of 93 to 95 per cent can be obtained, 
but the output is then less than normal. The ampere-hour efficiency 
of a nickel-iron battery is about 82 per cent when discharged immedi- 
ately after charge, but a 7-hour charge after a 5-hour discharge at the 
same rate would make the efficiency 72 per cent. However, the bat- 
teries ordinarily exceed the 5 hours, and this improves the efficiency. 
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THE WATT-HOUR EFFICIENCY 

The watt-hour, or energy, efficiency is important because it shows 
the ability of the battery to return the energy that it has received. 
In this respect it is an important factor in determining the cost of 
operation. The watt-hour efficiency is affected by the same factors as 
the ampere-hour eflBciency; in addition to these it is affected by the 
voltage relations on charge and discharge. 

The internal resistance of a battery is small and variable, but it 
cannot be entirely neglected. Assuming the internal resistance to have 
a value b, the decrease of voltage during discharge at a current Ii /is 
equal to /jb, and during charge there is a slight increase in voltage 
at the terminals which is equal to /2 b. The voltage on charge is 
always greater than the voltage on discharge. The part of this di^ 
ference that is due to the resistance of the battery is cfiual to the sun^ 
of the two factors /jb + 1 2 ^- ' 

By far the greater part of the difference between the voltage of the 
battery while charging and while discharging is due to polarization. 
There is some gas polarization, but primarily it is a concentration 
polarization in the case of the lead battery. The battery behaves as 
if it contained a very dilute electrolyte when it discharges and a con- 
centrated electrolyte while charging. This is because the electrolyte 
in the pores of the plates becomes impoverished during the discharge 
and enriched during the charge. The relation of voltage to the acid 
concentration has been given- on page 192. 

The performance curves in Fig. 79 show that the average voltage 
during discharge at 45 amperes was 1.95 volts per cell and during 
charge it was 2.28 volts per cell. The ratio of these voltages, which is 
sometimes called the voltage-efficiency, is 1.95/2.28 = 85 per cent. If 
the ampere-hour eflBciency under such operating conditions could be 
100 per cent, the energy efficiency could not exceed 85 per cent. The 
ampere-hour efficiency at 45 amperes discharge rate was 91 per cent, 
and the energy eflBciency was therefore 0.91 X 0.85 0.77 or 77 per 

cent. A fair average for the energy efficiency of the lead battery under 
ordinary operating conditions is about 75 per cent. 

The watt-hour eflBciency of the nickel-iron cells at the normal rate 
of discharge ranges from 55 to 60 per cent. If discharged immediately 
after charge, the voltage efficiency is about 73 per cent and the watt- 
hour eflBciency about 60 per cent. After standing for a day the lower 
figure is obtained. 

It is apparent that, the better the equalization of acid within the 
lead cell, the less difference there will be between the average voltage 
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of charge and discharge. High porosity of the plates and low viscosity 
of the electrolyte will help to accomplish this. 

If the periods of charge and discharge are made very short, the 
concentration polarization becomes a relatively less important item. 
Highfield^ gives the watt-hour efficiency of a central-station battery on 
lighting service during 12 months' operation as 74 per cent, but he 
reports the efficiency of a line battery on traction service, where the 
periods of charge and discharge alternated at frequent intervals, as 
84 per cent. Hopkinson^ made a series of experiments in short cycles 
of charge and discharge. By “time of the cycle" he means the sum 
of the time of discharge and the time of charge. Some of his results 
were as follows: 


Time of the Cycle 
1 minute 
10 minutes 
30 minutes 


Energy Efficiency 

96 . 5 per cent 

93 . 6 per cent 
92 . 0 per cent 


Bailey^ went a step further in this direction and made charges and 
discharges in cycles as short as second. He obtained energy effi- 
ciencies as high as 98.1 per cent. The difference between this and 
100 per cent is probably to be attributed to losses caused by the ohmic 
resistance, because the concentration polarization must have been in- 
appreciable at this frequency. Bailey's result is of no importance from 
an operating standpoint, but it is of very real interest theoretically 
in showing how perfectly reversible the storage cell is. 

1 J. S. Highfield, Storage batteries in electric power stations, J. Inst. Elec. Engrs., 
London, 30, 1070 (1901). 

2B. Hopkinson, Losses of energy in accumulators, Electrician, 4S, 211 (1901). 

3B. F. Bailey, Maximum efficiency of a storage battery, Elec. World, 829 
(1906). 
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Testing Storage Batteries 

The tests that are of primary importance are those to determine 
(1) the capacity of a battery at certain rates of discharge; (2) the 
ability of the battery to retain its charge over a period of time; (3) its 
ability to withstand vibration (portable types only) ; (4) the purity of 
the electrolyte; (5) its period of useful service, or life; and (6) its 
voltage characteristics. In this chapter is given a general discussion 
of the tests that apply to various types of batteries. Emphasis is laid 
on the nature and conditions of the tests, but fixed rules for making 
them are not prescribed. 

The vital factors in formulating test procedures are: (1) the depth 
of the cycle; (2) the frequency of the cycle; and (3) the amount of 
overcharge. Tests of cycle life are primarily tests of the active mate- 
rial of the plates, but overcharge tests are tests of the grid material. 
In any event the test should be made to simulate service conditions. 

CAPACITY TESTS 

The manufacturer must determine by actual test the number of 
ampere-hours that any particular size and type of battery, which he 
makes, can deliver under specified conditions of discharge. Usually 
the capacity per positive plate is stated, and from this he can calculate 
a conservative ampere-hour rating for other batteries with these plates. 
The purchaser is interested in the capacity because he wishes to know 
also whether the battery in question can deliver sufficient energy to 
perform the service required of it. 

The ratings made by manufacturers are usually conservative, and 
their batteries have some margin of excess capacity. Starting and 
lighting batteries and some others of the smaller types should ordi- 
narily attain their full rated capacities on or before the third repeated 
cycle of charge and discharge. Stationary batteries and some motive- 
power batteries, however, may require as many as 12 cycles before 
attaining rated capacity. 
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In Chapter 5 the various factors that affect capacity are discussed 
in detail. The points to be observed in making capacity tests of any 
particular battery are: (1) rate of the discharge, (2) cut-off or final 
voltage, and (3) temperature. 

Rate of Discharge 

As the rate of the discharge is increased, the duration of the discharge 
is more than pro])ortionally decreased (see page 214). It is important, 
therefore, that the current have a definite and constant value main- 
tained throughout the test, except during intermittent tests. Storage 
batteries are commonly rated on the continuous discharge, “time^' 
basis; for example, stationary batteries have a certain ampere-hour 
capacity at 8 hours, and starting and lighting batteries at 20 hours. 
Such ratings define the test current also. The ampere-hour capacity 
divided by the time fixes the test current. A starting and lighting bat- 
tery having a rated capacity of 100 ampere-hours at the 20-hour rate 
would be tested at 5 amperes. So it is for any other time rating. 
Some tests of automotive and aircraft batteries are made at high cur- 
rent rates, such as 300 amperes, regardless of their size. 

A difficulty arises in the testing laboratory when a group of batteries 
having slightly different ratings is to be tested. It is necessary first 
to determine whether the batteries are comparable and for the same 
kind of service. A fair average test current may then be chosen. If 
the batteries are to be tested in accordance with specifications which 
state the minimum required capacity, the problem is simplified. For 
example, if the minimum required capacity at the 5-hour rate is 72 
ampere-hours, the test current is = 14.4 amperes, although one or 
more of the batteries may exceed the 5-hour discharge period con- 
siderably. 

Final Voltage 

The ‘Tinaf' or “cut-off” voltage, as it is sometimes called, is the 
terminal closed-circuit voltage at which it is desirable to stop discharge. 
Batteries discharging at normal temperature and the 8-hour or longer 
rates have a cut-off voltage of 1.75 volts per cell; motive-power bat- 
teries, 1.75 volts at the 6-hour rate, etc. The cut-off voltages vary 
somewhat and have not been standardized except by general usage and 
in some cases by recognized specifications. In the absence of definite 
specifications, the cut-off voltages arc generally determined by the 
shape of the discharge curve, stopping at the knee of the curve. The 
capacity that may be obtained beyond this point is small, and it is not 
economical to discharge the battery further. 
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When discharges are made at higher rates, the cut-off voltages are 
correspondingly lower. This is because of the increased voltage drop 
through the cell and the lower specific gravity of the electrolyte within 
the plates. The values for starting and lighting batteries are as 
follows: 


Rate 

20-hour, 80® F 
20-minute, 80® F 
300-ampere, 0® F 


Cut-off Voltage 
1.75 
1.50 
1.00 


Temperature / 

The tem’perature of a battery under test is ordinarily specified aa 
the initial temperature of the electrolyte, since this is under control\ 
of the laboratory. Standard temperatures for most portable batteries \ 
are 80° F or 25° C (77° F). The difference is small and may be \ 
neglected. The standard temperature for stationary batteries is usu- ^ 
ally 70° F. The final temperature, which is not under control, is really 
more important in its effect on capacity. Permissible limits of the 
ambient temperature should be stated. A battery should always be 
near the standard temperature when a test is made, to avoid large 
corrections. Corrections may be calculated from Table 49 in Chapter 
5. The temperature correction varies with the rate of the discharge. 


Accuracy 

The accuracy of the measurements made in any determination of 
capacity deserves special mention. To attain an accuracy of 3 per 
cent or better, the current must be held constant to within close limits 
by regulation. Hand-operated rheostats are suitable for regulation 
if the steps are small, but carbon resistances afford the best means for 
continuous regulation. The ammeter chosen for the test should have a 
scale permitting readings to be made directly to 1 or 2 per cent of the 
test current, and it should be calibrated. The time is easily measured 
to 1 per cent, except in the case of high-rate discharges such as the 
300-ampere test for automobile batteries or the 5-minute rate for 
airplane batteries, for which special precautions must be taken. 

When the end of the discharge is approaching and the knee of the 
voltage curve is reached, the voltage may change so rapidly as to make 
it difiicult to maintain the current constant at the time when it is most 
important to do so. To overcome this difficulty, recourse may be had 
to the use of ^^booster batteries.” The battery under test is connected 
in series with a battery of larger capacity which serves to maintain 
the current and decrease the percentage change in voltage in the circuit. 
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For example, if the drop in voltage of the test battery is 0.2 volt per 
cell, or 10 per cent of the voltage of the cell, the use of 9 booster cells 
in series with this will reduce the voltage fluctuation to 1 per cent, 
provided the latter are of sufficient capacity. The proper number of 
booster cells to be used during test is determined mainly by conven- 
ience; even a few are of assistance, and ordinarily the ratio would not 
be as high as 9 to 1. 

Records of the measurement of capacity should include the follow- 
ing: date of previous charge, date of the discharge, number of the cycle, 
initial specific gravity and temperature of each cell, initial open-circuit 
voltage of each cell, closed-circuit voltages at appropriate intervals 
with record of the time in each case (the intervals being shorter as the 
end of the experiment is approached) , the cut-off voltage for the bat- 
tery and the exact time that it is reached, and final specific gravities 
and temperatures for each cell. It is often worth while to repeat the 
final specific gravity and temperature measurements after several 
hours because equalization of the specific gravity of the electrolyte 
within the pores of the plate with that outside takes place slowly. 

A new battery should be given several preliminary cycles of charge 
and discharge before determining its capacity. The capacity at any 
particular rate or temperature is influenced by the previous discharges 
(page 228) , and therefore when changing to a different condition of dis- 
charge a preliminary cycle should precede the measured experiment. 

Causes of Failure 

Batteries which fail to meet capacity tests often require special 
attention, since it is always desirable for a testing laboratory to report 
the cause of failure as well as the fact. Experience is the best guide, 
but, if the observations have been carefully made, an analysis of them 
may suggest the cause of failure. The following items are suggested 
as a guide to the general procedure: 

1. Compare the open-circuit voltages before discharge with Table 39. 
Appreciably low values may indicate internal discharge due to short 
circuits, a split separator, excessive sediment, or a similar cause. 

2. Examine voltage readings throughout run and see if they progress 
regularly. Erratic readings may be an indication of bad contacts, 
loosely burned plates, internal short circuits. In the event of 2-volt 
changes, occasionally observed, the reversal of one cell is indicated. 

3. Examine the gravity readings to see whether the range is normal 
for the type of cell under test. If the range is too small, and the 
plates are in good condition, the indication is that the electrolyte does 
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not circulate freely. Causes for this are high-resistance separators, 
separators without corrugations, wrong side of separator next to posi- 
tive plate, or the addition to the electrolyte of some foreign substance 
which increases the viscosity. If the gravity range is abnormally 
great, the amount of electrolyte may be too small. Estimate the total 
amount of electrolyte if possible, and make use of Table 18, which will 
show the possible output for the amount and range. 

4. The capacity of the cell is usually limited by the positive plate, 
but in some cases the negative plate may be deficient. The plate 
capacities can be determined by the use of the cadmium electrode 
(see j)age 235), which will indicate whether either plate is deficient. I 

5. By dismantling the cell or battery, and examining the plates 
and structural details, defects arising from manufacture or abuse are\ 
often revealed. Chemical tests of the electrolyte may reveal impuri- 
ties that produce excessive local action. 

Test panels for making automatically controlled tests of small types 
of batteries arc shown in Fig. 118. The switches are operated by 
program machines, not shown in the illustration, within each of the 
panels. 


TEST FOR RETENTION OF CHARGE 

Besides determining the capacity of a battery, it is desirable to 
determine its ability to retain the charge over a considerable period of 
time. The Federal specifications^ for automobile batteries require 
that a battery must not lose more than 25 per cent of its capacity 
during a standing period of 4 weeks. This is an average loss of about 1 
per cent per day. The test is made as follows: After a careful deter- 
mination of the capacity at a 20-hour rate, the battery is fully charged 
and allowed to stand on open circuit at a temperature of 70 to 80° F 
for a period of 4 weeks, after which it is discharged under the same 
conditions as before and the percentage loss in capacity is computed 
as the ratio of the decrease in ampere-hours delivered to the original 
capacity in ampere-hours. 

The loss in capacity will depend on the specific gravity of the 
electrolyte, the temperature, and the purity of the electrolyte. The 
amount of loss allowed by the specifications is liberal and should 
cover any battery of reliable quality containing electrolyte not exceed- 
ing 1.280 in specific gravity. Lower specific gravities should result in 
smaller losses. On test of 17 different makes of batteries, the smallest 

'^Federal Specification, Batteries: Storage, Vehicular, Ignition, Lighting, and 
Starting, W-B-131e, May 4, 1953. 
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Fig. 118. Three of six battery panels installed at the National Bureau of 
Standards for the completely automatic control of charging and discharging 
storage batteries while on test. Each panel is provided with two motor-generators, 
operating in parallel when load is heavy, to supply charging current. Maximum 
capacity is 500 amperes at 30 volts, d-c, for each panel. 

loss observed was 4 per cent and the largest 85 per cent; the average 
of the batteries that complied with the specification was 13 per cent. 

One reason for the relatively small loss in capacity of some batteries 
is the fact that the negative plates at which the greatest local action 
occurs normally exceed the capacity of the positives, and it is possible, 
therefore, for them to be considerably affected without materially 
changing the battery capacity. A continuation of the test for an 
additional period may show greater losses. 

The causes for loss in capacity while standing idle are local action 
and internal short circuits. Local action is accelerated by the presence 
of certain impurities in the electrolyte or on the plates. Antimony on 
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the negative plates is a cause of local action, particularly in old bat- 
teries. Iron is a common impurity which can be eliminated in part at 
least by pouring out the electrolyte. Platinum, although rarely found, 
is exceedingly destructive even in amounts of only 1 part in 10,000,000. 
Among the causes of internal short circuits are excessive sediment, 
mossing, defective separators, metallic particles falling into the cells 
through the vents, and, rarely, porous sealing compound. 

VIBRATION TEST 

This test applies particularly to automobile and airplane batteries 
but may be used with other portable types to develop possible defects 
in lead-burning, sealing of terminal posts, vent-plug design, and shedl 
ding of active material \ 

For 2 hours the battery is subjected to a vibration consisting of a^ 
simple harmonic motion having a frequency of 1900 to 2100 cycles 
per minute through an amplitude of 0.045 to 0.050 inch (total dis- ' 
placement 0.09 to 0.10 inch) while the battery is discharging at the 
20-hour rate. The temperature at time of test is specified as 70 to 
90° F. Any departure from a simple harmonic motion changes the 
maximum acceleration and modifies the test. 

The battery is fastened to the vibrating board by hold-down clamps. 
It must maintain a steady voltage and current during vibration. 
Fluctuations are generally due to plates breaking loose from the straps, 
as may happen if the lead-burning is not well done. Failure occurs 
most commonly at the terminal posts, which may become loose and 
allow the electrolyte to flood the top of the battery; vent plugs, if not 
provided with baffle plates, will usually allow electrolyte to escape. 
Excessive sediment may be produced. A battery of good design and 
workmanship should pass this test without difficulty. At the conclu- 
sion of the tests the cells are examined for broken plates, connectors, 
straps, and sediment in the bottom of the battery jars. 

This test is considered superior to a bumping test, because the 
batteries in service are subjected to vibrations; also the test is easily 
specified in simple mathematical terms. 

TESTS FOR PURITY OF THE ELECTROLYTE 

Tests for the purity of the electrolyte form an important part of the 
complete test of a storage battery but cannot be made satisfactorily 
when suitable chemical laboratory facilities are lacking. 

The presence of some of the impurities can be readily detected by 
inspection of the cells. Antimony and some of the more noble metals 
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cause excessive gassing of the negative plates. This may be observed 
when the cells are on open circuit, if the cells are contained in glass 
jars, or a sample of the negative plates may be removed and placed in 
a tray containing a solution of pure sulfuric acid. Gassing will be 
somewhat in evidence even in a normal battery, particularly after the 
termination of a charging period. Negative plates which are con- 
taminated will continue to gas until they are completely discharged. 
When manganese salts are present in the electrolyte they may ordinar- 
ily be detected by the characteristic permanganate color which appears 
at the positive plates when the cells are on charge. Hydrochloric acid 
and acetic acid, if present in any considerable amount, may be detected 
when the cells are on charge by the characteristic odors of chlorine 
and acetic acid, respectively. 

Chemical methods for the detection of impurities in storage-battery 
electrolytes follow more or less the general procedure for analytical 
determinations, but they present the special difficulty that the impuri- 
ties are present normally in small amounts in a fairly concentrated 
solution of a strong mineral acid. 

Tests for the purity of sulfuric acid, both concentrated and diluted 
to 50 per cent are described in detail in the Federal specifications 
for sulfuric acid, O-S-801. This is obtainable from the Government 
Printing Office. The maximum limits for various impurities as given 
in the specification are included in Table 22 of Chapter 3. With some 
modifications the tests for these can be applied to samples of electrolyte 
removed from batteries. These tests, however, are of the type to 
determine whether the impurities in the test sample exceed the permis- 
sible limits of the specifications. Reference should be made to the 
complete specification for details of these tests. 

Very briefly, the methods and reagents employed are as follows: 
For organic matter, charring when heated to fumes; for iron, am- 
monium thiocyanate; for substances oxidized by permanganate, potas- 
sium permanganate; for arsenic and antimony, Gutzeit test with 
modifications to distinguish between them; for manganese, potassium 
periodate; for nitrates, ferrous sulfate; for ammonium, Nessler’s re- 
agent; for chlorides, silver nitrate; for copper, ammonium hydroxide; 
for zinc, hydrogen sulfide; for selenium, iced sample overlayed with 
hydrochloric acid containing a little sodium sulfite — no red color to 
develop at zone of contact (selenium is found occasionally in acid from 
Oriental sources) ; for platinum, residue after evaporation is taken up 
in a little aqua regia and absorbed in asbestos paper, ignited, and 
while still hot tested in a stream of illuminating gas for incandescence. 
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A very useful method for volatile acids (acetic, formic, etc.) not 
included in the specifications was described by Craig.^ 

The choice of the methods for the detection of impurities in storage- 
battery solutions depends, first, upon the possibility of making the 
determinations quantitative, second, upon the accuracy which can be 
obtained by the method, and third, upon the presence or absence of 
certain impurities which may interfere with the results of the test. In 
order to determine the presence or absence of these impurities, pre- 
liminary tests arc sometimes desirable before deciding upon the method 
of test to be used for the quantitative detection of any i)articular 
impurity. 

Aside from chemical tests for the imrity of the electrolyte, it 
})Ossible to determine the presence of impurities of the noble mctals\ 
by spectroanalysis of material removed from the surface of negative \ 
plates. This method maks it possible to eff(‘ct a concentration of the ' 
impurity, even when present in very small amounts, by scraping the 
surface of the negative plates. A quantitative estimate of the amount 
of impurities can be made from the relative intensities of the spectrum 
lines. 


THE S.A.E. STANDARDS AND LIFE TEST 

Standards of the Society of Automotive Engineers^ apply to lead- 
acid batteries as used on motor vehicles, motor boats, tractors, and for 
automotive industrial applications for 6- and 12-volt requirements. 

The sequence of tests prescribed is as follows: (1) conditioning 
charge at 20-hour rate to constant voltage and specific gravity; (2) 
discharges at 20-hour rate to 1.75 volts per cell; (3) discharges at 300 
amperes 0° F to 1.00 volt per cell with recorded 5-second voltage 
readings'*; (4) repeat (2); (5) repeat (4); (6) life tests. 

The life test provides for all sizes of the batteries. Discharges of 
1 hour at 40 amperes for a total of 40 ampere-hours are followed by 
recharges at approximately 10 amperes for 5 hours for a total of 50 
ampere-hours. There are 4 cycles per day or 27 per week. The 
temperature of the center cell is maintained at 110° ± 5° F. One 
complete capacity test is made each week at 40 anoperes to 1.70 volts 
per cell. When the capacity at 40-ampere rate drops below 40 per cent 
of the 20-hour rating, the test is considered completed. The S.A.E. 
standard specifies the required number of cycles for each of its listed 
batteries. Tests for cranking ability at low temperatures are made in 

2 Op. cit., p. 145. 

8 Soc. Automotive Engrs., Handbook, p. 770, 1953. 

4 For Diesel batteries record 30-second voltage instead of the 5-second voltage. 
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lieu of the capacity tests at 2, 5, 8, and each succeeding period of 
3 weeks until the end of the test. These high-rate discharges at 300 
amperes, 0° F, are counted in the number of cycles. The recharges 
after high-rate discharges are specified to be at 7.5 amperes for 1 hour 
for each minute of the previous discharge at 300 amperes. 

An overcharge test is also specified. A charge of 990 ampere-hours 
is followed by a capacity test and represents 1 week’s testing on a con- 
tinuous basis or 1 complete life unit. The continuous charge of 990 
ampere-hours is at the 9-ampere rate (battery in water bath) regardless 
of the size of the battery. This is followed by a standing period on 
open circuit for 48 hours in a thermostated water bath at lOO'^ ±: 5° F. 
The battery is then discharged at 300 amperes to 1.20 volts per cell, 
or a minimum time 30 seconds, whichever occurs first. Life units are 
repeated until failure occurs. The test is considered completed when 
the battery fails to meet the minimum voltage or time si)ecified. 
Tentative requirements are given in the S.A.E. standard. 

There are many details relating to the S.A.E. tests that are imj^or- 
tant, and reference should always be made to the Society’s current 
standard. I^ast experience has shown that changes are made from year 
to year, and these changes quickly render obsolete information in more 
permanent book form. It is possible here to give only an outline of 
the general nature of the tests. 

The S.A.E. standard gives dimensions of the batteries, the location 
of parts, and shape of the container (see Fig. 156 in Chapter 10) ; the 
minimum ampere-hour capacity at the 2()-hour rate; the minimum time 
to 1.0 volt per cell at 300 amperes, 0^ F; the minimum 5-second voltage 
during the 300-ampere test; the required life cycles and the over- 
charge life units. Batteries that have double insulation (retaining 
sheets of porous or perforated material between the positive plates and 
customary single separator) are allowed a deduction of 10 per cent 
from the time and voltage requirements but must give 15 per cent 
more life cycles. 

At the conclusion of a life test the positive plates are examined for 
loss of active material, corrosion of the grid, color, buckling, texture of 
the active material, and breaks in the grids. The negative plates are 
examined for color, expansion or contraction, and texture of the active 
material, whether firm, spongy, or sandy. The amount of sediment in 
the bottom of the jars is estimated or weighed, and its color noted. 
The separators are examined for strength, degree of action of acid, and 
oxidizing effect of the positive plates, and particularly for splits or 
holes. From such an examination it should be possible to form an 
opinion as to the worth of the various parts. 
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VOLTAGE TESTS 

The speed of a motor, the light from an incandescent lamp, and 
other services depend on the available voltage at the terminals of a 
battery under specified working conditions. These conditions will 
ordinarily indicate the kind of test to be made. One test, which has 
become recognized in the industry, is described in the S.A.E. Handbook 
and in the Federal Specification. These specifications provide for a 
voltage test at 0° F (—18° C), when the battery is discharging at the 
rate of 300 amperes. The measurement of voltage is made 5 seconds 
after beginning the discharge. To comply with the specification, the 
battery must have a voltage above the minimum specified for its type 
and size. This test is sometimes called the “5-second voltage test.”\ 

EFFICIENCY TESTS ; 

The measurement of battery efficiencies has been discussed at length, 
in Chapter 8, and little remains to be said about it here. Efiiciency 
tests are of secondary importance, and quite often the results are an 
indication of the efficiency of the experimenter as well as that of the 
battery. 

The ampere-hour efficiency is calculated as the ratio of the ampere- 
hours’ output of the battery to the ampere-hours put in during charge, 
and is usually expressed as a percentage. Since the charging current, 
besides restoring the active materials of the plates, may produce 
gassing, the efficiency will be lowered in proportion as the quantity of 
gas produced is increased. By eliminating gassing altogether and cor- 
recting for temperature, it is possible to show that the current efficiency 
very closely approaches 100 per cent. This is seldom the normal con- 
dition of operation, however, as some gassing almost inevitably occurs. 
In making an efficiency test, therefore, it is necessary that the operating 
conditions be clearly defined. 

The watt-hour or energy efficiency is of greater importance than 
the current efficiency. The watt-hour efficiency is equal to the ampere- 
hour efficiency multiplied by the ratio of the average voltage during 
discharge to the average voltage during charge. The average voltage 
is obtained from the time integral of the voltage curve. 

The watt-hour efficiency is affected by the same factors as the 
ampere-hour efficiency and in addition by the factors that affect the 
voltage, namely, polarization, internal resistance, and, to a lesser ex- 
tent, temperature. 
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OTHER TESTS 
Tests of Intercell Connectors 

A table is given in Chapter 10, showing the power losses in intercell 
connectors of motive-power batteries. For automotive batteries the 
voltage drop in intcrcell connectors should not exceed 20 millivolts per 
inch of distance between post centers when the battery is discharging 
300 amperes, the temperature being 80° F. The test is made by “stab- 
bing’^ the post centers with sharp metallic points connected to a suit- 
able millivoltmeter through flexible leads while current is flowing from 
the battery at the prescribed rate. 

The voltage of Edison batteries that are used for oil circuit-breaker 
installations and other purposes requiring heavy currents should be 
calculated on a basis allowing for voltage drop in the intercell con- 
nectors and jumpers. Voltages shown in Table 66 of Chapter 10 arc 
the voltages per cell. From these values should be deducted 0.006 
times the multiple of normal rate to obtain the effective voltage per 
cell at the bafttery terminals. Tests of any particular battery can be 
made to find whether it meets this condition. 

Tests of Container Material 

Test specimens (not including seams) are cut from the sides and 
partitions of the container as shown in Fig. 119. The specimens are 
immersed in water at 70° F (21° C) for at least 1 hour and then may 
be broken in a testing machine, provided this is not done until 16 hours 
after the specimens have been cut. According to the Federal Speci- 
fication, the material from rubber cases of automotive batteries is 
subject to rejection if its tensile strength is less than 1300 pounds per 
square inch, or if the elongation (before rupture) is less than the 
following minimum requirements for corresponding tensile strength. 

Tensile Strength, Elongation, 
lb per sq in. % 

1300 6 

1350 5 

1425 4 

1525 3 

1700 2 

2000 or more 1 

Rubber containers for motive-power, motorcycle, and some other types 
of batteries are usually subject to requirements of greater tensile 
strength. 
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Tests for acid absorption are made by measuring and weighing 
specimens (2 by 2 inches) before and after immersion in sulfuric acid 
solutions of 1.300 sp. gr. at 75 ° F (24° C) . The containing vessels are 
placed in an oven at 155° F (68° C) for 7 days. When the specimens 
are removed from the solution, they are quickly rinsed in water, dried 
on the surface, and weighed. The material is subject to rejection if 
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Fig. 119. IVsI. six'ciinon of container material for tensilc-strenglh tests. 

the increase in weight exceeds 1.5 per cent or if blisters or cracks are', 
observed, or if the dimensions are increased 2 per cent. In this, as in ' 
other tests covered by the specifications to which reference is made, the 
full details should be obtained from the specification. 

Tests of Glass Jars 

Specifications for the quality of glass storage-battery jars may be 
found in the manual of the Signal Section of the As.sociation of Ameri- 
can Railways. 
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Storage batteries find many uses. They fill the ever-present need 
for sources of power at times and places where other means arc lacking, 
or because of their reliability they serve as safeguards to insure con- 
tinuity of controls and service. The general public is most familiar 
with batteries to start motor cars, but more than these the loss familiar 
types are many and vital to our present way of life. 

Motive-power batteries arc found on a variety of industrial trucks 
and tractors, mine locomotives, torpedoes, and submarines. Starter 
batteries provide the power to put internal-combustion engines in 
motion before they can operate on their own power. These include 
automobile, Diesel, marine, and some aircraft engines. Usually tlu' 
batteries in these services ])rovide lighting and ignition also. On the 
railroads track and signal circuits are a(duat(‘d by batteries. OtluT 
batteries provide car lighting and air conditioning. Floating bat- 
teries are an important part of telephone central-office equipment, and 
many smaller batteries operate relays, message registers, vacuum tubes, 
coin-collecting devices, PBX boards, etc. Other types of floating bat- 
teries are a part of emergency lighting equipment in hospitals and 
places of public assembly. In power stations storage batteries serve 
as sources of auxiliary power and control, closing and tripi)ing circuit 
breakers, operating oil switches. Other services include radio and 
television, laboratory experimental work, fire alarm systems, telegraph 
circuits, miners^ cap lamps. These are but a part of the list which 
might be given. Only the more important applications will be de- 
scribed in the pages that follow. 

TELEPHONE BATTERIES 

Storage batteries form an important part of telephone power-plant 
equipment. The requirements of telephone service are very exacting, 
and much care and engineering skill have been devoted to perfecting 
the design, installation, and operation of these batteries. The large, 
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and most of the small, telephone central offices in cities are operated 
on what is called the common-battery system in distinction from 
smaller offices in rural communities where each telephone formerly had 
its own local battery of dry cells. The storage batteries with their 
associated generators at the central oflSces furnish current for trans- 
mitting, signaling, switching, and various miscellaneous services. In 
addition, the batteries serve as electrical noise absorbers, preventing 
crosstalk between simultaneous messages and reducing the circuit noise 
of motor-generators, rectifiers, or other equipment used to transform 
the incoming power supply to a form suitable for use on telephones. 
The storage battery is admirably adapted to this purpose by reason oj[ 
its low resistance and impedance. \ 

Besides the normal continuous uses for these batteries, they may be\ 
required in times of emergency to carry the entire load of the central! 
office. Batteries with sufficient reserve capacity are provided, there- 
fore, to permit operation of the central office to continue for some time 
if failure of the outside power supply should occur. 

Historical Developments 

Battery development in the telephone field has been stimulated by 
the rapid development in this system of intercommunication. Bell’s 
first telephone apparently employed a primary battery to energize an 
electromagnet, but he discarded the battery shortly thereafter, prefer- 
ring an instrument in which the feeble current induced in a coil of wire 
by a diaphragm of iron vibrating in the field of a permanent magnet 
served as the ^‘talking current.” The voice of the speaker was the 
source of power, and this has been estimated to be of the order of 
1 X 10 watt. The receiver, which at this time was a duplicate of 
the transmitter, converted the varying electric current into correspond- 
ing vibrations of its diaphragm, thus producing sound waves heard by 
the listener. Early in 1878 the first commercial exchange was estab- 
lished in New Haven, Conn., without the use of batteries. 

After the invention of the carbon transmitter, of which there are 
several forms, battery-operated circuits became indispensable. Vari- 
ous voltages were tried, but little was gained by increasing the voltage 
above limits which are familiar today. The phrase “24-volt talking 
battery,” which is applied somewhat indiscriminately to batteries of 
10, 11, or 12 cells, probably originated with an installation of 12 cells 
at Worcester, Mass., about 1896. About 1900, dry cells replaced other 
types of primary batteries in individual instruments, but the trend 
was strongly toward common-battery circuits in the larger communi- 
ties. An early telephone power plant of 1893 is shown in Fig. 120. 
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Fig. 120. Early telephone power plant, August 1893. Four 4-volt batteries, two 
of them ta})ped at middle point; (;ells are of the Manchester box type; charging 
machines, ringing machines, and tone-generator are mounted on a wood bench. 

The “swit(diboard” above is really made of boards. 

The evolution of the common-battery system has produced two types 
of central offices, manual and automatic-switching offices. Automatic- 
switching offices are often called dial offices; they may be further 
classified as (1) motor-driven panel offices, (2) step-by-step switch 
offices, and (3) the all-relay offices of which the crossbar system is one 
type. Obviously, any detailed description of these would be out of 
place here. 

For many years, batteries of 11 cells have been standard in manual 
offices, with an additional battery of 11 cells connected in series with 
the first group to provide for toll calls and long-distance messages. 
The actual voltage of the 24-volt battery, however, ranged from 20 to 
28 volts when no attempt was made to regulate the voltage. With 
the introduction of panel equipment about 1920 and the adoption of 
the continuous floating system of operation, 12-cell batteries again 
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became common practice, and 1 emergency cell was added to hold up 
the voltage upon discharge. An additional battery of 11 cells in series 
with the first battery constituted the “48-volt battery” group, to which 
were added 3 emergency cells. The limits of voltage variation have 

been narrowed by the use of auto- 
matic regulators until 25.75 ±: 0.25 

.diw JH offices run a little lower, at approx- 
imately 23.5 volts. The rcgula- 
tion of the 48-volt battery is simi- 

most commonly used in dial offices 
is to have one large battery of 23^ 
floating generator,' 
^ emergency cells in re- 
serve, to i)rovide the major load, 
which is nominally at 48 volts. 
The 24- volt load is then provided 
1^1 through counter cells if small, or 

1 by a separate battery and floating 

generator if large. The battery 
may of course be made up of 2 
more strings of cells in parallel. 

I 1 rapidly multiplying achieve- 

1 ments of basic and applied science 

since the mid thirties have pro- 
duced changes in the telephone 

industry that are reflected in new 

Fig. 121. Inside a typical radio-relay and exacting battery requirements : 
tower: Amplifying equipment is on the 1, Long-distance telephone cir- 
top floor, storage batteries and asso- cuits of all types use large quan- 
ciated power apparatus on second and 

third floors, emergency power equip- vn mi 

ment on first floor. (Courtesy Bell to power amplifiers. These 

Telephone Laboratories.) include open-wire conventional 

cable, coaxial cable, and the new 
radio-relay repeaters. In the older systems batteries supply filament 
and plate direct current to thousands of vacuum tubes. In coaxial sys- 
tems, in emergencies, they drive motor-generators providing an a-c out- 
put which supplies repeaters through power-pack distribution circuits. 
The transcontinental radio-relay system connects with and supple- 
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ments previously existing facilities. The relay points, spaced approxi- 
mately 30 miles apart, stretch across the continent carrying a micro- 
wave radio beam boosted at each successive tower and radiated to 
the next by 10-foot antennas. In a typical tower, Fig. 121, the 
amplifying equipment is on the top floor. Batteries of 12, 24, 130, 
and 250 volts, together with their rectifiers and other associated power 
apparatus, are on the floors below. Emergency equipment on the first 
floor consists of a pair of automatic-starting, gasoline-engine alter- 
nators to supply power in the event of failure of connnercial alternating 
current. In very remote locations, where there is no commercial power 
available, these engines provide the primary source of power. The 
batteries must be absolutely reliable, charging automatically done, 
and maintenance limited to periodic visits of (‘ompany personnel. 
Both speech and television are served. 

2. Cross-country dialing is a new devlopment, permitting an indi- 
vidual to call directly any one of a vast number of stations in far- 
distant localities. This is an achievement still in its early stages but 
one to be reckoned with in changing and ])robably increasing the 
required battery capacity. 

3. The development of storage batteries for floating service, in which 
die grids of the plates are an alloy of lead hardened with 0.065 to 0.085 
per cent calcium in place of the more usual lead-antimony grids. 
The gain is a battery of lessened self discharge, increased life, and 
floating-charge requirements reduced to about one-fifth of the usual 
amount. When gassing takes place during charge* there can be no 
stibine because antimony is entirely absent. 

4. Finally, the invention of the transistor, which can perform many 
of the services of vacuum tubes, has potential possibilities not yet fully 
appreciated. That it wdll have an effect on battery sizes, types, and 
usages seems quite certain. The power needed by transistors is much 
less than for vacuum tubes performing comparable service. 

Power Supplies Needed 

Although the 24- and 48-volt storage batteries (Fig. 122) are the 
principal ones in many telephone central offices, both manual and dial 
offices require a variety of other sources of power. These are men- 
tioned later. 

The primary sources of power are the large motor-generators, 2 or 
more being provided. At present the maximum size for a 24- volt 
generator is 1500 amperes and for the 48-volt generator 1200 amperes. 

The main batteries are connected directly to a bus, to which are also 
connected the motor-generators. Normally the batteries float on this 
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line, except in some very small offices when the load conditions are too 
light to warrant running the machines. The reserve capacity required 
of the battery in each case is estimated on the basis of load conditions 
and the probable reliability of the power supply. Although commer- 



Fig. 122. Typical ccntral-ofrice installation showinp; cc'lls of sizes F and H in 
hard-rubb(‘r sealed containers. (Courtesy Bell Telephone Laboratories.) 


cial power services in duplicate are obtained where possible, in addition 
to these in many offices engine-driven generators are provided as stand- 
by protection, because times of emergency are usually periods of heavy 
load and continuous telephone service is of particular importance. 

Direct-Current Loads 

The amount of electrical energy required for the transmission of a 
single message is very small. About 35 ampere-seconds are required 
in a manual office to build up and restore connections, and about twice 
this amount for each 100 seconds of actual conversation. Similar 
figures for dial offices are small also. In the aggregate, however, the 
current requirements for an office of 10,000 lines or more may be sur- 
prisingly large, amounting to hundreds of amperes. 
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In manual offices the 24-volt battery carries a heavier load than 
the 48-volt battery, since the 48-volt battery is limited principally to 
the transmitter supply on long-distance or toll messages and to supply- 
ing PBX batteries over cable pairs. In automatic-switching offices, 
however, operation of the intricate mechanism constitutes a heavy load 
on the 48-volt battery, and this battery furnishes the greater part of 
the current. Approximate figures for certain multiunit offices of 17,000 
to 20,000 lines illustrate this difference. 


Type of Office 

Battery 

Heavy Load 
Amperes {Day) 

Light Load 
Amperes {Night) 

Manual 

24-volt 

300 to 500 

50 

Manual 

48-volt 

50 

5 

Automatic-switching 

24-volt 

250 to 300 

100 

Automatic-switchinir 

48-voIt 

600 to 900 

200 


Power-plant loads are frequently greater than the above, particu- 
larly in large cities where several offices may be housed in one building 
and these offices may supply current for many private branch ex- 
changes. 

Peak loads in residential districts usually occur about 10:30 a.m. and 
again in the early evening. In business centers, the peak load is fairly 
well sustained during customary business hours, showing some decrease 
during the luncheon period. In long-distance repeater offices there is 
generally no distinct peak since most of the equipment operates 24 
hours daily. 

The size of cells in the main batteries will naturally depend on the 
traffic to be handled and whether the battery is assembled as a single 
series connection of cells or by paralleling strings of smaller cells. 
When parallel batteries are used they may be connected either through 
switches or by solid bus bars across the ends of the groups, and some- 
times additional cross connections have been made within the groups 
to insure equalization of the load. Eight or more paralleled strings of 
cells are sometimes employed. 

Open-Type Cells 

The larger cells were formerly of the open lead-lined tank construc- 
tion mounted on oil insulators. Open-type cells are now obsolete, 
but some installations of earlier years doubtless remain. The cells 
contained plates of the G or H sizes and ranged in capacity from 800 
to 13,440 ampere-hours according to the local requirements. The 
largest cells contained as many as 85 plates. 
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Sealed-in Cells 

Bell System telephone batteries are all of the ))aste(i-plate type in 
sealed rubber or sealed plastic jars of polystyrene. The present tend- 
ency is toward increasing use of the plastic jars. Some independent 


comi)anies, however, use batteriej 
Plante ty])es in sealed glass jars. 



Fig. 123. Modorn lolc'pimnr contral- 
office (‘(dl, type Exicio KB and FB. 
The gas-cscai)L* vent is in the center 
of the sealed covin-. In front of it 
is the filling funnel. The gas-collect- 
ing hood is the horizontal plate over 
the (dement. The grids are lead-cal- 
cium alloy. 


of file IManchex (see page 74) and 



Fig. 124. Goidd-National calcium-grid 
tyi>e of stationary cell with explosion- 
jiroof ceramic (;one, type FCW. 


The standard Bell System batteries come in three size ranges: (1) 
4 to 100 ampere-hour capacities. These are in units of 1, 2, or 3 
cells in polystyrene containers. The grids are lead-antimony alloy 
except for the Plastical batteries which contain lead-calcium alloy. 
(2) Capacities of 180 to 1680 ampere-hours. These batteries contain 
plates of the E and F sizes, all having lead-calcium grids. The con- 
tainers are plastic or hard-rubber, single-cell jars, except the smallest 
size, which comes in 2- or 3-cell units. (3) Large cells of 4000 to 
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7000 ampere-hour capacity. These cells contain plates of the H size 
and at present have grids of lead-antimony alloy. The tendency is, 
however, to change to lead-calcium grids. 

All cells larger than 30 ampere-hours are supplied with explosion- 
proof vents. These are of several types. The Exide explosion-control 


Imm: 125 Thrc(?-c('ll C and J) battery with lead-calcium Rrids in a i)lastic case. 
'3du‘ cjipacity of each cell is 180 ampere-hours. A plastic case of the same 
external dimensions for a single cell of 600 ampere-hours is the largest made now. 

vent consists of a hood or dome extending below the surface of the 
electrolyte. Fig. 123. This collects the gas bubbles before they reach 
the surface and guides them into the neck of an inverted funnel, where 
at any one time there can be only a small amount of gas. If ignition 
should occur, this small amount of gas can produce no more than a 
harmless “pop.” The Gould type of explosion-proof vent consists of 
a porous-ceramic cone, Fig. 124. This is permeable to the gases, 
allowing them to escape from within the cell, but on the principle of 
the Davy safety lamp the porous cone prevents the propagation of a 
flame to the interior of the cell. Vents on C and D cells. Fig. 125, 
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are similar in principle but combine the funnel and vent, Fig. 126. 
For the first two types of explosion-proof vents a separate filling tube 
extending below the surface of the electrolyte is necessary for taking 

hydrometer readings and for 
the addition of water without 
the necessity of removing 
the vents. 

All lead-calcium cells have 
triple insulation, consisting 
of some combination of ini- 
croporous-rubber scparatcjrs, 
slotted retainers of hard rub- 
ber or plastic, and fiber-glass 
mats. ^ 

Steel racks are used in- 
stead of the impregnated 
wood formerly employed, 
since the attack by acid has 
been eliminated by the use 
of closed cells and by the 
precautions taken to make 
the vents effective against 
spray. The racks with bat- 
teries mounted on them can 
be located in rooms with 
other power-plant apparatus. 

The specific gravity of 
electrolyte in most telephone 
batteries when they are fully 
charged is 1.205 to 1.225. 
The specific gravity being 
low, local action is reduced 
to a minimum and the dete- 
XJse of double or triple insula- 



Fig. 126. Detail of the C and D explosion- 
proof vent. The gases escape through the 
porous stoneware. The central funnel 
serves both as a filling tube and for meas- 
urements of specific gravity. See Fig. 125 
showing these vents in use on cells. 

rioration of separators is also reduced, 
tion contributes to long life and freedom from trouble. 


Operating Routines 

Central oflSces operate on floating batteries which are, therefore, fully 
charged at all times except during an emergency discharge. The float- 
ing voltage is preferably 2.15 to 2.17 volts per cell. At these voltages 
the batteries absorb sufiicient current to keep them in proper condition, 
and the higher figure obviates the necessity for periodic equalizing 
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charges. The load of the office is really carried by the primary source 
of power, but the battery serves the double purpose of providing 
reserve power for emergencies and improving the transmission of 
speech. 

Charging generators, which were formerly of a special type with 
smooth armatures and windings banded on the surface as a means of 
reducing the noise level, have now been largely superseded by the use 
of commercial-type generators with filters in the talking circuits. 
These consist of choke coils of high impedance and low direct-current 
resistance, together with electrolytic capacitors of high capacitance. 
Each electrolytic capacitor has 1200 microfarads capacitance or more 
at 24 volts, or approximately half this amount at 48 volts, and several 
capacitors in multiple are used. Similar but smaller capacitors are 
also available for 130 volts. Dry-type capacitors are used. 

Batteries for Miscellaneous Uses 

As indicated above, there are various miscellaneous batteries of 
small capacity which are required in addition to the main batteries. 
One of these is for operation of message registers in manual offices. 
Thirty-nine volts are required with an allowable variation of plus or 
minus 2 volts. For this purpose, a battery of 19 cells is provided and 
kept charged by floating continuously through an automatically con- 
trolled two-rate charging circuit from the 48-volt central-office battery. 
For operating coin-collecting devices on telephone lines, two batteries 
of 55 small storage cells each are provided at many of the larger central 
offices, while dry cells are used in small offices, the negative side of one 
battery and the positive side of the other battery being grounded. 
Connection being made to one or the other of these batteries, the oper- 
ator is enabled to collect or return the coins that have been dropped 
into the slots at a pay-station telephone. These batteries seldom 
exceed 6 ampere-hours in capacity. Later it was found practicable to 
design a double-current generator, which in addition to 20-cycle and 
other signaling energy provides the currents for controlling coin boxes. 
Certain types of ringing systems commonly used have small storage 
batteries of 8, 16, or 22 cells to superimpose a direct-current voltage 
upon the alternating-current ringing voltage. This aids in tripping 
and improves the wave shape for ringing the bells. 

In main offices where large groups of telephone repeaters arc located 
for use in long-distance transmission, separate storage batteries and 
generators are provided primarily for the operation of the vacuum 
tubes. The current that heats the filaments is usually derived from 
a motor-generator set with automatic voltage control floating upon a 



362 Storage Batteries 

24-volt battery. The i)Uite circuit needs 130 volts, and this is usually 
provided by a generator floating upon a storage battery. In the largest 
combined repeater, long-distance and telegra])h installations, loads are 
heavy, approximating 5000 amperes at 24 volts and 500 amperes at 
130 volts. 

In telegraph offices, batteries for two systems arc employed. For 
grounded telegraph th(‘se usually consist of 2 parts each of 61 cells, 
plus 8 emergency cells and 9 counterelectromotive-force cells, furnish- 
ing regulated 130 volts on the positive and negative sides of a neutral 
ground wire. For metallic telegraph 2 batteries of 16 cells each furnish 
plus and minus 34 volts. In both syst(‘ms motor-generators or recti- 
fiers float the batteries continuously. \ 



Fig. 127. T wont y-f oil r-c('ll countcnelcctroniotivo-foioe battery in right fore- 
ground, battery of s(ialcd-tank cells in tlu' ba(*kgroiind, 130-volt battery at extieine 

right. 


Counter Cells and Emergency Cells 

Counter cells of the nickel-alkaline and stainless-steel types have 
been employed for battery regulation within limits of their rating, Fig. 
12Z. Thus in dial PBX equipment requiring regulated voltage, counter 
cells are introduced into tlie discharge circuit to keep the voltage at 


363 


Present-Day Uses for Storage Batteries 

the distributing point below the upper limit during the time the battery 
is being charged. They arc used in connection with plate voltages for 
repeater circuits and for telegraph circuits to prevent excessive voltages 
during charging of the batteries. They are also used to obtain lower- 
voltage current from higher-voltage battery, such as 24-volts from 
48-volts. In these and various other uses counter cells may l)e in the 
circuit for brief periods or continuously. 

The alkaline counter cells (Fig. 95 in Chapter 6) use several thin 
plates of nickel or stainless steel in a solution of treated sodium 
hydroxide. These counter cells have displaced the lead-acid type, 
because they do not build up objectionable capacity with continued 
use and can be short-circuited during switching without causing heavy 
currents to flow. They also have a longer life. The counterelectro- 
motive force of these cells for various percentages of their rated current 
is given in C'ha])ter 6, page 288. Counter cells are generally used in 
the ratio of 1 counter cell to from 7 to 12 active cells, depending upon 
the charging methods used and the voltage limits that must he main- 
tained. 

“Emergency cells” are regular storage cells arranged to be cut into 
the circuit automatically when the battery voltage is being reduced by 
an emergency discharge. They are kept fully cliarged during idle 
periods by small rectifiers which rejdace the internal losses. 

Private Branch Exchanges 

Private branch exchanges are large users of storage batteries. Thesi‘ 
exchanges vary greatly in size, from those having one trunk line and 
a few stations to those whicli have switchboards like large central 
offices and handle several thousand extensions. They are of two main 
types: (1) the private manual branch exchanges known as PBX, and 
(2) the private automatic branch exchange, sometimes known as PAX 
or dial PBX, since the telephones arc equipped with dials. The com- 
munity dial exchange, using equipment somewhat similar to a large 
dial PBX, is a small central office attended only at intervals. In 
these offices alarm circuits are i)rovided to call an attemdant from an 
attended office in the event of major trouble. 

All these exchanges require storage-battery power for calls to the 
central office and for local messages. Voltages range from 14 to 20 
volts for the smaller exchanges to 48 volts for the larger dial boards. 
Most of the private exchanges are too small to warrant a resident main- 
tenance personnel, and, as a result, the maintenance of the local storage* 
batteries, when provided, must be largely automatic. Small batteries 
are charged over cable jiairs from the central office, but those in the 
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larger exchanges and in the dial type are charged locally by recti- 
fiers or by motor>generators. This charging goes on during use so that 
the batteries are relieved of a substantial part of the load. 

In small PBX’s the batteries are trickle-charged continuously, and 
it has been found practicable to have a maintenance man visit the 
exchange only at extended intervals when addition of water is needed, 
while in the meantime the PBX attendant will call for a plant man if 
a charge-indicator ball drops below a white line. Water-level charts 
assist in making charging-rate readjustments. 

Voltage control in conjunction with a two-rate floating-charge sys- 
tem has found application in automatic operation of these batterifes. 
Several kinds of temperature- compensated relays are available for the 
purpose. The primary function of the relay is to select either of two 
charging rates, high or low, depending on the state of charge of the 
battery. If the battery is in need of considerable charging, the hign 
rate will be used first. As the voltage of the battery rises to approxi^ 
mately that of full charge, the relay operates to remove a short circuit 
from part of the resistance in the circuit and the charging rate decreases 
to a trickle-charge rate. Compensation for changing room tempera- 
tures is accomplished by a bimetallic strip which alters the tension of 
the spring of the relay, thereby changing the voltage at which the 
relay operates. 

Grid-controlled tubes afford another means of close automatic volt- 
age regulation of rectifiers continuously connected to storage batteries. 
If only direct-current commercial power is available, small motor- 
generators are provided. 

The batteries are of the sealed-in type in plastic jars. A battery 
plant widely used in small single-position PBX^s has four 2-cell units 
(Fig. 128) in a tall narrow cabinet matching the exchange switch- 
board to which it is attached at one end. The charge-indicator balls 
in the top unit are conveniently in view of the attendant through an 
opening in the cabinet. 

Counter cells are provided, if necessary, in the larger dial PBX^s 
and these, together with a voltmeter relay and other control equipment, 
maintain the bus voltage automatically within the proper range. 
Automatic power plants to meet wddely varying needs of private branch 
exchanges and small central offices have been so skillfully designed and 
constructed in compact units that relatively infrequent visits of the 
maintainer are required. He can tell by the state of charge of the 
battery and the amount of water it needs at the time of his visit 
whether the installation is properly adjusted to the particular condi- 
tions of service. 
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Fig. 128 . Battery for a small private brancth exchange. 
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single invention in the history of the development of railway trans- 
portation has contributed more toward safety and dispatch in that field 
than the track circuit. By this invention, simple in itself, the founda- 
tion was obtained for the development of practically every one of the 
intricate systems of railway block signaling in use today wherein the 
train is, under all conditions, continuously active in maintaining its 
own protection.’’ The closed-track circuit was invented by Dr. Wil- 
liam Robinson, August 20, 1872. This invention grew out of his 
l)revious invention of the open-track circuit, which proved to be un- 
satisfactory. The closed-track circuit difiers from the open-track 
circuit ip the essential particular that a small electric current flows 
continuously through a section of the track, and, when the track is 
clear, a signal indicates it to be so. \ 

Signals are installed along railroad tracks to space trains propci^y 
and to instruct them when to proceed or stop. The distance between 
signals is dependent upon the character of the country, the concentrav- 
tion of traffic, and the allowable speed of trains in the particular local- 
ity. As a general average, a track circuit is about a mile long. 

Almost every modern automatic-signaling system employed on the 
railroads involves some form of battery power for the various control, 
lighting, and oi)erating circuits. Both primary and storage batteries 
are widely used for these important services. Railway signaling ii? 
one of the most exacting applications of storage batteries, because the 
highest degree of dependability is required and because the batteries 
arc scattered along many miles of track. 

Operation of automatic block-signaling ecj[uipment is usually con- 
trolled entirely by the movement of trains. This is accomplished 
through track circuits, the track being divided into sections which are 
electrically insulated from each other. Within each section adjoining 
rails are bonded together to provide a continuous low-resistance circuit. 
At one end of the circuit a ^Track battery” is located and at the other 
end a relay, which in turn controls a second or signal circuit (see 
Fig. 129). As long as no train is in the block, the relay is energized 
and the signal is held in the clear position. When a train enters, its 
wheels and axles shunt the primary circuit of th^ track relay, causing 
the armature to drop and thereby interrupt the signal circuit. The 
signal then changes to a restrictive indication, shown by a semaphore 
or by the position or color of lights. Broken rails or battery failure 
automatically result in a signal for trains to stop. 

The voltage applied to track circuits is from ^ to 2 volts. It is 
purposely kept low to minimize leakage of current from rail to rail 
across the ballast. The current flowing in the rails when the track is 
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clear ranges from 200 to 500 milliampcres and, when occu])ied, from 
500 milliampcres to 2 amperes, depending on the type of battery and 
the resistance in series with it to limit the current when a train enters 
the section. A single storage cell of 80 to 120 amp(‘re-hours is gen- 
erally sufficient for the track circuit, but if primary batteries are used 
the capacity is necessarily larger. 



l^lock signals are of three general types, described as sema])hores, 
color lights, and position lights. Usually they 0 ])erate on 5 to 12 cells. 
Semaj)hores require a steady current of about 40 milliami)eres for hold- 
ing the arm in the clear or caution position and 2 to 3 anii)cres for 
about 10 seconds to operate the motor when the signal arm changes 
from a restrictive to clear position. If semaphores are equipped with 
electric lamps, an additional current, which may be as much as 1.5 
amperes, is needed. Color-light signals require from 0.5 to 2.25 
amperes and position-light signals from 2 to 5 amperes, depending on 
the number and wattage of the lamps. Sometimes the lamps arc 
lighted only when trains are approaching, in order to conserve power. 
Batteries for the signal circuits range from 80 to 300 amnere-hour 
capacity. 

Although several methods of maintaining storage batteries in a 
charged condition can be used, the floating battery system (Fig. 130) 
is commonly employed at the present time. An alternating-current 
transmission line along the railroad^s right of way furnishes the power, 
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When the Circuit is Unoccupied, Both the Track 
Battery and the Line Battery are on Charge. The 
Rectifiers are Supplying the Steady Load, Taken ^ ^ 
by the Track Circuit and the Signal Relays 
Respectively, and are Charging the Batteries. 


id) 



Track 

Battery 


\ 


Signal 


A. C. Power Supply 


When the Circuit is Occupied, Both Batteries 
are on Discharge, the Track Battery Supplying 
the Extra Current Shunted by the Train and 
the Line Battery Approach Lighting the Signal. 
The Total Rectifier Output in Each Case is (1) 
the Steady Load, Plus (2) a Steady Charge I^te 
to Return to the Battery the Amount Taken Out 
Intermittently, Plus (3) a Small Current for the 
Internal Loss or Local Action Within the 
Battery. 


+1 



Track 

Battery 


Fig. 130. Floating-battery system for track and signal circuits. 


and connection is made at each battery location through a transformer 
and rectifier. The output of the rectifier is adjusted to cover the 
average current required by the service, plus a small additional amount 
to compensate for local action in the battery. 

At highway grade crossings, various automatic protective devices, 
including flashing lights, wigwags, stop-and-go signals, and barriers of 
several kinds, are employed to warn or stop vehicles when trains are 
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approaching. Power requirements for these range from 8 to 12 volts 
and from 1 to 20 amperes. At many crossings these protective devices 
are operated by alternating-current power either directly or though 
rectifiers with a battery as a stand-by source of power. 

Both lead-acid batteries and alkaline cells find use in various signal 
applications. The type of cell and its capacity must in any event be 
determined by the character of the service. A cell of the lead-acid 
type commonly used for railway signaling is shown in Fig. 23 (Chap- 
ter 2). The nickel-iron cells are Edison cells of types A or B, type A 
being shown in Fig. 40. Storage batteries of either type are required 
to meet specifications covering construction and performance of the 
Signal Section of the Association of American Railroads. 

Interlocking Plants 

Signaling facilities and switch mechanisms for governing the move- 
ments of trains at terminals, junctions, grade crossings, and draw- 
bridges are usually interconnected and controlled through mechanical, 
electropneumatic, or all-electric interlocking plants in order to expedite 
traffic and to avoid conflicting routes and signal indications. The 
interlocking machine is installed in a tower overlooking the tracks. 
Power for the control machine, switch-operating mechanisms, and 
sometimes for signals within the range of the plant is generally supplied 
by a storage battery of 10 to 120 volts, depending on the type of plant. 
The capacity of the batteries ranges from 80 to 280 ampere-hours. 
The batteries may be floated on a rectifier from an alternating-current 
line with provision for increased rates of charge following emergency 
discharges. At some interlocking plants engine-driven generators are 
provided for battery charging. The service requirements vary widely 
with the type of equipment and with the distance from the control 
tower. The cells are of the same types as those used on signal circuits. 

Centralized Traffic Control 

One of the most important developments in automatic signaling is 
centralized traffic control. As its name suggests, it is a method by 
which an operator in a convenient location can control the switching 
and movement of trains throughout a wide territory, extending many 
miles in either direction. The operator sits before a panel board such 
as that shown in Fig. 131. Pilot lights on the board indicate the loca- 
tion of trains, the position of switches, and the indications of signals 
throughout his territory. By levers on the control board he can route 
trains, permitting fast trains to pass slower trains at passing sidings, 
or arrange for trains in single-track territory to meet and pass at sid- 
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ings with a minimum of delay. Trains move on signal indication with- 
out the necessity of written train orders. This system increases track 
capacity and thereby i)Ostpones the necessity for increased trackage 
with increased traffic under older methods of operation. 

Signaling and switch mechanisms are actuated through coded 
impulses for which power is supplied by storage batteries of relatively 
high voltage but small capacity. The voltage used depends on the 



Vig. 131. Contnilizod traffic control board. The disj)atclior is ()i)oratiiig a CTC 
inacliiiK', winch controls 248 miles of main line between Hamlet,, North Carolina, 
and Savannah, G(!orgia, on the Seaboard Air Line. (Courtesy Union Switch and 
Signal Co. and the Association of American Hailroads.) 

length of the coded circuits. At each remote switch, a relay tuned to 
its special code resj^oiids to its signal and actuates a secondary circuit 
controlling the mechanism. The power supply for the signals may be 
the same as in any automatic block-signaling system, but switch mech- 
anisms usually operate directly from a local storage battery of 100 to 
150 ampere-hour capacity. 

Car Retarders 

In railroad classification yards, mixed car consignments are received 
with each incoming train. The cars must be shifted and reclassified 
according to routes and trains. A locomotive will do the shifting from 
a “hump” by allowing cars to glide from a running start on to the 
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proper track, but the cars must be retarded at the proper time to avoid 
colliding with other cars. This was formerly done by hand brakes, 
but the use of electric or electropneumatic retarders and switches has 
done much to expedite the movement of cars through the yards. Car 
retarders are mechanical shoes along the rails which contact both faces 
of the car wheels and slow the cars down to the proper sjieed for 
traversing the yard tracks and for coupling to other cars. The re- 
tarders are controlled from a high tower overlooking the switching area. 
Power is furnished by storage batteries of 120 or 240 volts having an 
average capacity of 160 to 400 ampere-hours. The batteries are 
usually floated on rectifiers or motor-generators. The types of cell 
employed are the same as for signal service. 

Multiple-Unit Cars 

Mass transportation has been accomplished most eflfectively by elec- 
trified lines on which the cars are a modification of the standard rail- 
way coach. Each car, or car and trailer as a unit, has its own propul- 
sion motors and other facilities, in contrast to a railway coach which 
dc])ends on a locomotive for power. These cars operate in trains 
without a locomotive. In a sense they are trolley cars joined together 
and oi)eratcd by one man at the control position at the head of the 
train, hence the name multiple-unit cars or MU cars. The number of 
cars in a train varies with the expected traffic density at the time of 
day. 

The controller is essentially a switching device that ojierates the 
power switches by electromagnets. The control circuit is independent 
of the main propulsion current and is of lower voltage, that most com- 
monly used being 32 volts. It provides the power supply to actuate 
motors and brake equipment. It supplies power also for door mecha- 
nisms, safety interlocks, marker lights, and emergency lights. Storage 
batteries are the indispensable source of jiower, protecting these vital 
services. The capacities needed vary from 50 to 300 ampere-hours. 
When lead-acid batteries are used, they are assembled in rubber jars 
and contain electrolyte of a relatively low s})ecific gravity, 1.225. 
Nickel-iron alkaline batteries of the Edison type for 32-volt systems 
consist of 24 to 27 cells, depending on service requirements. Charging 
is accomplished by a motor-generator. 

Switching Locomotives 

In the field of heavy traction, several types of electric locomoUves 
have been put in operation for switching service and as a substitute 
for steam locomotives in city streets where the use of steam locomotives 



372 


Storage Batteries 


is objectionable. Effective electrification of railroad yards and sidings 
thus becomes possible in many localities without the necessity of sup- 
plying trolley or third-rail systems. 

Switching locomotives may be classified as (1) straight storage-bat- 
tery locomotives for which the battery is the sole source of power; (2) 
combination battery and trolley (or third-rail) locomotives which may 
operate either on the battery or on external power; and (3) Diesel- 
electric locomotives, the most important now. 

Diesel Locomotives for Railway Service 

Originally applied in 1925 to switching service, Diesel-electric loco- 
motives are now operating successfully also on main-line high-speed 
passenger service. Since 1934 the development of these has been rap^ 

Most of the Diesel locomotives in railway service meet the trans- 
portation requirements with comparatively few sizes of engine unitfe. 
These are 600, 660, 1000, 1350, 1500, and 2000 horsepower. Practicalll 
all locomotives in passenger, freight, and switching service use batteries 
of nominal voltages of 64 or 112 volts. The batteries are used for 
engine starting and control circuits. There are two general groups of 
batteries of 32 and 56 cells respectively. Engine starting is ac- 
complished by an extra starting winding in the generator, which is 
directly connected to the Diesel engine. The generator operates for 
the time being as a motor. Current from the battery may range from 
a few hundred amperes to over 2000 amperes. A Diesel-electric loco- 
motive is made up of 1, 2, 3, or 4 units. A 4-unit freight locomotive 
or a 3-unit passenger locomotive has about 6000 horsepower. Diesel 
locomotives have been replacing steam locomotives, but new types of 
locomotives are being developed, including those with steam turbines 
and gas turbines combined with electric drive. Diesel engines and 
their other applications are more fully described in this chapter in the 
section on Diesel- cranking batteries. 

Car Lighting and Air Conditioning 

From the earliest days when passenger cars ran only in the daytime 
and required no artificial light to the “modern’Limprovements when 
passengers brought their own candles, lighting of passenger trains 
developed rapidly. Oil lamps were introduced in 1850. Gas was 
first used in 1860. Electric lighting was first tried in 1872 on a sleep- 
ing car of the New York Central. A battery furnished the current, 
and it should be noted that this antedated the invention of pasted- 
plate batteries. The first trains to be entirely lighted by electricity 
were operated in 1887. Pintsch gas, however, continued to be the 
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ordinary source of light from 1883 for many years. Brilliant lighting 
by incandescent lamps probably dates from one of the earliest attempts 
at lighting railway cars by electricity, made in 1881 with a straight 
storage-battery system. The Pennsylvania Railroad is said to have 
equipped eight parlor cars with batteries in 1885, and the Central 
Railroad of New Jersey installed the first axle-generator system of 
which there is record, in 1894. Electric car lighting is confined to 
passenger trains or trains made up of express, mail, or baggage cars. 

The first passenger car to be equipped with fluorescent lights is said 
to have been on the New York Central in 1938, and the first train to 
be so lighted on the Burlington in 1939. 

One of the important factors that has contributed to the rapid 
development of railway train lighting has been the introduction of 
metal-filament electric lamps. In the earlier days lamps were rated 
at 60 to 64 volts, but with the introduction of axle-generator systems 
and tungsten lamps this was reduced to 30 to 32 volts. This reduction 
was made possible because of decreased line drop and increased effi- 
ciency of the lamps. The voltage of train-lighting systems, with few 
exceptions, has been less than 110 volts because it is desirable to keep 
the number of cells in the battery as lov/ as possible. In some foreign 
countries, voltages as low as 24 volts arc found. 

The traveling public has been educated to expect higher intensity of 
illumination than was previously acceptable. Four to six foot-candles 
which were once satisfactory have been increased to 8 to 12 foot- 
candles. To provide this without glare, indirect lighting or special 
light-diffusing fixtures have been used. Some roads have used spec- 
trum lighting and other decorative effects. The effect has been to 
increase the demands on the battery for lighting and still more for 
air conditioning. 

The straight storage system was the earliest system developed. It 
consisted of a battery on each car to provide current for the lights on 
that car irrespective of the other cars of the train. Charging was done 
at terminals or division points during the layover period. An advan- 
tage of the system is simplicity, but extensive charging equipment is 
required at terminals, cars must be “spotted” for charging, and they 
are unproductive of revenue while this is being done. The straight 
storage system is said to be the most expensive in spite of its simplicity 
and is seldom, if ever, used at the present time. 

Head-end systems consist of a generator on the baggage car or loco- 
motive, driven by a reciprocating engine or turbine supplied with 
steam, at reduced pressure, from the locomotive. The earliest forms 
did not include a battery. Failures were frequent and were necessarilv 
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caused each time the cars were parted or the locomotive uncoupled. 
For this reason, batteries were added with voltage regulators to avoid 
excessive voltages at the lamps when the batteries were charged. 
Head-end systems found their chief applications on trains having long 
runs without change in make-up, but the axle- generator system was 
more commonly employed. With the advent of streamlined trains 
operating as a unit, several installations of alternating-current or 
direct-current generators supplying current for lights and air condi- 
tioning have been reported. These are 110-volt systems. 

The trend toward lighter passenger cars has been reflected in an 
effort to lessen the accessories load. This has given some impetus to 
the development of llO-volt systems of a-c supply which can be 
adapted to either a single car or to the head-end lighting systen^. 
Trial installations ^ were reported in 1948. \ 

Axle-generator systems are most commonly used. Each car i^ 
provided with a battery and a generator to charge it. The generator is' 
driven by the axle of the car. As used in the United States, the axle- 
generator systems are mostly of the 32-volt type. The essential parts 
are: First, the generator of the inclosed type, shunt wound and pro- 
vided with some form of pole changer, unless of constant polarity, in 
order that the terminal voltage may have the same polarity irrespective 
of the direction in which the car may be traveling. Second, an auto- 
matic switch, usually of the solenoid type, to connect the generator 
with the lighting system and batteries when the car attains a prede- 
termined speed. Third, a combined current and voltage regulator for 
the generator and a lamp regulator to hold the voltage at the lamp 
terminals to 30 to 32 volts. Fourth, the battery itself, consisting of 
15 or 16 cells of the lead-acid type, or 24 to 25 cells of the alkaline 
or Edison type. The necessity for some regulating device may be seen 
from the fact that a 16-cell battery, when discharged to 1.8 volts per 
cell, has an effective voltage of 29, but the same battery near the con- 
clusion of a charging period will have a terminal voltage of 2.5 to 2.6 
volts per cell or 40 to 42 volts for the whole battery. Increasing the 
voltage from 29 volts at the end of discharge to 34 means doubling the 
illumination from the lamps. Regulators are normally adjusted to 
limit the voltage to 32 volts at the lamps. Some axle generators 
supply a constant current to the batteries and others charge the bat- 
teries at constant potential. When the train is standing the bat- 
tery must carry the load, but charging commences when the train 
has reached a predetermined speed. 

1 H. H. Hauft, A-c air conditioning, Ry, Mveh, Engr., 147 (1948). L. B. 
Haddad, A-c power for passenger cars, Ry. Mech. and Elec. Engr., 124, 24 (1950). 
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Except for early experiments with “air-cooling^^ passenger cars, air 
conditioning began with the testing of mechanical air conditioning of 
sleeping cars by the Pullman Company and of coaches by the Balti- 
more and Ohio Railroad in 1927-1929. In 1931 this railroad put in 
operation the first completely air-conditioned passenger train. By 
1953 there w^re 20,000 air-conditioned cars running on various rail- 
roads. 

Before 1932, it was standard practice to use a 32-volt axle-generator 
system together with a storage battery whose size was determined by 
the electrical load and the protection period required in the opinion of 
each railroad electrical engineer. Railroad men thought in terms of 
8 to 10 hours as the necssary protection periods during which the 
battery would be required to carry the load in the event of a failure of 
the generator equipment. It was common practice to provide 150- 
to 250-ami)ere-hour batteries on baggage cars, 200- to 400-am])ere- 
hour batteries on mail cars, and 300- to 500-amperc-hour batteries on 
coaches, dining cars, and Pullmans. Since then the addition of air 
conditioning lias so increased the load that protection periods of 10 
hours arc no longer considered, partly because the generating equip- 
ment has been developed to a higher state of perfection and partly 
b(‘cause it was unwise to increase the battery to a size that would have 
provided equivalent protection periods. The changes in ])Ower require- 
ments that began in 1932 as a result of air-conditioning cars were so 
marked that this date may be considered a beginning of a new era in 
the railroads’ use of batteries. The electrical load, however, depends 
to a large extent on the type of air conditioning employed. 

Air conditioning has been defined as the simultaneous control of 
all or at least the first three of the following factors affecting both 
physical and chemical conditions of the atmosphere within any struc- 
ture. The factors include temperature, humidity, motion, distribution, 
dust, bacteria, odors, toxic gases, and ionization. 

Three basic systems of cooling the air have found general applica- 
tion in railway passenger service. These are (1) mechanical-compres- 
sion systems, sometimes subdivided into direct-mechanical (axle) and 
electromechanical (motor) systems; (2) steam ejector systems; and 
(3) ice-activated systems. 

In the mechanical-compression systems, the refrigerant (dichloro- 
difluoromethane, commonly called “Freon”) is in a liquid state under 
pressure on one side of an adjustable expansion valve. Through this 
the “Freon” passes to a much lower pressure, vaporizing and absorbing 
heat from its surroundings as it expands. The gas is compressed, 
which heats it, then from the compressor it is passed through a con- 
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denser which returns it to the liquid state, and the cycle is repeated. 
Air for the car is cooled by contact with the cold pipes. 

The compressor represents the largest load, and it may be driven 
by an electric motor, by a gasoline engine, or by mechanical drive 
direct from the car axle. In the electromechanical systems (motor- 
driven compressors) the power requirement for cooling alone will vary 



Fig. 132. A 2-ccll unit of an Exide-Ironclad battery for railway-car-lighting 
and air-conditioning services Cut away to show details of construction. Hinged 
vent plugs in center of each cell cover. 

from 8 kilowatts for 5-ton units to 13 kilowatts for 7-ton units. The 
battery capacity can be supplied within a reasonable space, and it 
is common to find 32-volt batteries of 1000 to nearly 1300 ampere- 
hours installed on the cars (Figs. 132 and 133). However, the current 
requirements are large and the electrical conductors must be large. To 
decrease the expense and weight of the copper cables, some railroads 
are turning to 64-volt systems, which means doubling the number of 
cells in the battery and halving their capacity. One railroad is using 
a 110- volt direct-current system and a battery of 88 nickel-iron alka- 
line cells of 300-ampere-hour capacity. 

In the direct-mechanical system the compressor is driven by a slip 



377 


Present-Day Uses for Storage Batteries 

clutch from the car axle. Here the only additional electrical load is 
that required for circulating fans and pumps. 

In the steam ejector system of cooling, water is the cooling medium. 
Live steam is passed through the ejector, and its velocity produces a 
vacuum in the evaporator tank which entrains the water vapor. The 
mixture of steam and water vapor then passes into a condenser and is 
liquefied. The cooling effect is brought about in the evaporator by 



Fig. 133. Car-lighting and air-conditioning bat tiny of the Edison nickel-iron- 
alkaline type in a roll-out cradle assembly. 


part of the water boiling off at reduced pressure. The electrical load 
consists of motors to drive the condenser fan, cooling-coil fan, con- 
denser pump, and cold-water pump. The total power consumption is 
about 4 kilowatts. The size of batteries applied to passenger cars 
using the steam ejector system is 600 to 1000 ampere-hours at 32 volts. 

In ice-activated systems, the water which is cooled by ice is circu- 
lated through coils over which the air to be cooled passes. This is 
probably the cheapest in first cost, but it presents a serious servicing 
problem. Bunkers mounted under the car carry the large blocks of 
ice. Water is sprayed over these, and the cooled water is circulated 
through tubing with fins, which in turn cool the air. The increase in 
load on the battery over that required for car lighting is small. 

In axle-generator systems (Fig. 134) when the car is traveling at 
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slow speed (below 16 to 18 miles per hour) the complete power require- 
ments are taken from the storage battery. As the train increases speed 
a “cut-in^^ switch connects the generator to the electrical system for 
supplying the electrical load plus charging current for the battery. 


] Air Conditioning Unit 


D □. nn pa 


Control Cabinet 




Refrigerating Unit ^ 


^Generator 


Fig. 134. Diagram of an air-conditioning unit on a railway passi'iiger car. \ 

I 

\ 

A 600-ampere-h()ur battery will take care of connected loads up to 
100 ampereS; and a 1000-ampere-hour battery for loads u}) to 250 
amperes. Lead-acid batteries can be fitted with hinged vent caps 
which facilitate maintenance. The caps arc opened and closed by 
using the nozzle of the cell-filler or watering gun. 

The capacity of the battery at the 8-hour rate in any i)articular 
installation bears a fairly definite relation to the size of generator as 



Generator Capacity in Amperes 
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Battery Capacity in Ampere-Hours at 8-Hr Rate 


Fig. 135. Relation of battery capacity to generator capacity for various 

connected loads. 
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measured in amperes. Recommended sizes of battery and generator 
for various connected loads are illustrated in Fig. 135. 
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MARINE APPLICATIONS 

storage butteries find many uses on board ship. Tlicse range from 
(he simplest applications on ignition circuits of internal-combustion 
engines of small craft to the complex circuits of the largest and finest 
sliips. The batteries assure continuity of power for radio, lights, and 
essential auxiliaries. They carry the peak loads of inimps, hoists, and 
compressors. On naval vessels they provide for gun firing and for the 
propulsion of submarines when submerged. 

Ordinarily the storage batteries float on the power line (Fig. 136). 
They are maintained, therefore, in a fully charged state ready for 
emergency service. The relation of battery voltage to line voltage, 
however, involves several interesting problems. The generator must 
have a drooping characteristic if the battery is to assume the load in 
excess of the generator capacity. This is especially necessary if the 
generator is driven by an internal-combustion engine, as such engines 
have relatively little overload capacity. When it is necessary to charge 
the battery, the generator voltage is raised from time to time in order 
to maintain the desired charging rate. This is essentially a constant 
current charge until the generator reaches a maximum voltage of 135 
volts for a nominal 1 15-volt system. It provides an average voltage of 
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2.4 volts per cell for a 56-cell lead-acid battery. This is enough for a 
rapid charge of the battery, but it is too high for incandescent lamps, 
radio tubes, and gyrocompass. There must be a regulated portion of 
the voltage supply for these services. The unregulated portion of the 
bus is satisfactory for motor-driven auxiliaries which have largely 
replaced the steam-driven hoists and winches of some years ago. After 
the generator voltage has reached 135 volts, it is held at this point and 
the charge is continued as a constant-potential charge. The current 
through the battery then falls gradually until the charge is completed. 



Fig. 136. Diagram of the Exide floating-battery system. 


when the generator voltage is reduced to normal value and the battery 
again floats on the line. About 90 per cent of the charge can be given 
before the charging current begins to decrease. The time of charge 
up to this point is about 10 hours. 

The electrical load on board ship is a fluctuating load, and the bat- 
tery improves the conditions of operation by absorbing part of the 
fluctuations. A smaller generator than would otherwise be required 
can be used because the battery automatically carries the peak loads. 
The battery, on the other hand, must be large ^enough to carry the 
entire load for a specified time, which may be either to cover an emer- 
gency or to carry the night load on smaller ships, particularly yachts, 
if is desirable to stop the generators for reasons of economy or per- 
sonal comfort. 

Another method of operation for 110- to 120-volt marine require- 
ments is by series-paralleling the two halves of the battery. Under 
normal operating conditions the generator supplies the ship’s load and 
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charges the two halves of the battery, but, if the generator voltage 
should fail, the two halves of the battery are automatically connected 
in series and assume the load. The principles of this system are illus- 
trated in Fig. 137. Transfer of the load is accomplished by an auto- 
matic contactor when the line voltage falls below a predetermined 
setting. The contactor which connects the battery in series operates 
rapidly enough for the direct-current motor starting boxes in the load 
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Automatic Carbon Pile 
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Generator 
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Heavy Motor Load 
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k> 
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Fig. 137. Diagram of the Edison continuous-current system for marine use. 
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circuit not to be released and for no interruption in the current to occur. 
This system is used with Edison alkaline batteries. By dividing the 
battery, ample voltage for charging is provided, but when the batteries 
are in series the voltage may be too high for the lamp load and a volt- 
age regulator must be provided. This is a carbon pile, subjected to 
pressure that varies inversely with the voltage. It is similar to voltage 
regulators used on the lighting circuits of railway cars. The heavy 
motor loads can be separated from the emergency and lighting loads 
by use of a disconnect circuit breaker that divides the bus. This has 
the advantage of relieving the generator of overload and of protecting 
the lamp load from large fluctuations. In full automatic control, loss 
of generator voltage causes the main disconnect contactor to open, 
which de-energizes the battery charge contactor, and the series-parallel 
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contactor operates immediately to put the battery on discharge as one 
series-connected unit. The proper current for charging the batteries 
can be set on the manually operated charging rheostats. Normally 
50 cells (Edison type) are used in each half of the battery. 

Regulations prescribed by the Bureau of Marine Inspection and 
Navigation of the Department of Commerce for new vessels provide 
that two or more generating sets shall be installed so that, if one 
breaks down, there will be sufficient remaining capacity to carry the 
‘‘peak sea load.” Passenger vessels over 1600 gross tons are to be 
provided also with an independent emergency source of power. For 
the details and latest requirements of these rules, reference shoT|ld 
always be made to official sources of information. i 

On ocean-going vessels a variety of types and sizes of batteries ^s 
to be found. The services that they perform include: general alariiji, 
reserve power, Diesel starting, lifeboat engine starting and radio tran.4- 
mitter, radio direction finders and alarms, emergency transmitters, 
gyrocompass, fire alarms, and emergency lighting. These are usually 
under the sui)ervision of licensed engineering personnel and are subject 
to specified programs of charging and maintenance. 

Thirty-two- and 110-volt systems are available for auxiliary yachts 
and motor cruisers. The battery receives its charge from a generator 
()l)erated by the main engine. However, if the main engine is seldom 
used, a small separate generator driven by some other means is gener- 
ally supplied. The battery should have sufficient capacity to provide 
for several hours’ continuous operation of the lights and all the auxil- 
iaries that operate automatically, such as refrigerators and bilge pumps. 
Heavier loads, such as electric cooking, hoisting the anchor or sails, 
may be provided for either by installing a larger battery or by starting 
the main engines, after which the main generator supplies the necessary 
current. The service is intermittent, and some thought should be given 
to selecting convenient times to charge the battery adequately. The 
batteries are either 16 cells of lead-acid type or 25 cells of the Edison 
nickel-iron type for the 32-volt systems. At higher voltages, 55 or 60 
lead cells or 100 cells of the Edison type may be needed. 

With the development of Diesel engines for tugs and other small 
commercial craft, a need has arisen for electric power to rei)lace steam 
formerly used for auxiliaries. Shaft-driven generators, somewhat like 
railway car-lighting equipment, have found increasing use. The 
smaller installations are usually 32-volt systems up to about 10 kilo- 
watts. Larger units of 115 volts are employed in sizes up to 40 
kilowatts or more. On many of the older installations it was the 
practice to call for two Diesel-engine generator sets of the same ca- 
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pacity, one being held in reserve, but more recently a shaft-driven 
generator of equal capacity has been used to replace one of the Diesel 
sets. When the main engines are operating, the auxiliary unit can be 
shut down. 

The essential parts of a shaft system include; (Ij A generator, the 
voltage of which will remain constant over a wide variation of the 
shaft speed. (2) A belt or cliain drive from the propeller shaft, from 
which the system gets its name, “shaft-driven generator system.” 
(3) A voltage regulator to maintain constant voltage and i)rotect the 
generator from overload. (4) A reverse current relay to (lisconnect 
the battery and load from the generator when the terminal voltage of 
the generator is too low for battery charging. (5) A battery of the 
lead-acid or alkaline type which floats on the bus from the generator or 
which is charged in ])arall(‘l halves. The battery assists tlie g(‘nerator 
on i)eak loads, carries the emergency load, and pro\'ides for the lighting 
load at such times as tlu' main engine and generator are shut down. 
(6) A lamp voltage regulator to ])rolect the lighting units from voltagi‘s 
above their rating. On some installations a jiole clianger may be neces- 
sary to prevent reversal of polarity when the motion of the shaft is 
reversed. 

The tyjies of batteries us(‘d for marim* s(‘rvice include various sizes 
of Exidc-Ironclad batteries ranging from 57 to 113() amjiere-hours at 
the 8-hour rate. Five sizes of plates are availabl(‘. Flat -plate batteries 
of the lead-acid type, assembled in rubber cas(‘s of 2 to 4 cells, are 
used also. These contain relatively tliick platt^s, because space and 
weight limitations are of less importance than durability. Edison 
batteries in four sizes of plates are available in cajiacities from 18 to 
900 ampere-hours at the 5-hour rate. 

It is desirable that marine batteries should be rugged and durable 
enough to give long service. Tiny are subject to continual vibration, 
and the safety of the vessel and its passengers may d(‘pend on their 
proper functioning under adverse conditions. 

TRUC^K AND TRACrrOR BATTERIES 

Economic Importance 

Efficiency in handling materials dei)ends partly on speed and the 
amount of goods that a truck can carry, but it depends also on how 
long a time must be spent in loading and unloading operations. There 
are practical limits to the speed of trucks from the standpoint of safety, 
and there may be limits to the amount transported at one time, de- 
pending on the rate of production, the weight, or the physical dimen- 
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sions of the vehicle that are allowable. The earliest trucks and 
tractors were loaded and unloaded by hand. This often required 
considerable time, but it is characteristic of modem equipment that 
its measure of transportation service has been increased by the rapidity 
with which it can be loaded and unloaded by its own power. 

Classification of Trucks, Tractors, and Locomotives 

Industrial trucks were originally designed for use in railway termi- 
nals for the transportation of baggage. These trucks combined in a 
single unit the battery for motive power and the loading space. The 
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considerable height for stacking loaded skids in tiers. Sometimes the 
skids accompany the consignment of goods for quick unloading at 
their destination by similar lift trucks. 

Electric Crane Trucks. Crane trucks, sometimes in combination 
with platforms, are adapted to general utility work. Modem crane 
trucks, without platforms, are adapted to heavy work, as illustrated 
in Fig. 139. This truck is equipped with tongs for lifting the loads. 



Fig. 139. Electric crane truck equipped with tongs. 


Pallet-Fork-Truck System. The pallet is essentially a skid platform 
with thin stringers instead of legs or a double platform with stringers 
between. This is picked up by the fork on the truck and tilted to a 
safe angle for stability while the load is being transported. This 
truck can lift the load to a considerable height for stacking goods in 
tiers (Fig. 140). The fork truck usually has three motors, one for 
travel, another for lifting the load, and a third for tilting the load. 
By taking the pallet with the goods into a car or into the hold of a 
ship, rehandling of the goods at point of shipment and at destination 
is avoided. 

Motorized Hand Trucks. These small trucks, as the name implies, 
perform much the same work as the ordinary hand truck might, but 
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with the advantage of speed and saving of manpower, Fig. 141. 
Power is derived from a storage battery of about 250 ampere-hour 
capacity. This is less than the requirements for full-sized trucks and 
tractors. 



Fig. 140. A fork truck lifting a loaded pallet, stacking materials in tiers. 


Other Systems. Special types of trucks have been developed for 
handling materials of particular shapes, such as large rolls of paper, 
coils of steel strip (Fig. 142), wire, or bundles-of sheet metal. De- 
creased time for loading and unloading usually means that the truck 
is operating a greater percentage of the time. 

Mine Locomotives. A locomotive is distinguished from a tractor 
by the fact that it runs on rails, while a tractor usually has tires and 
a steering mechanism. Some rubber-tired propulsion units are called 
shuttle cars. Mine locomotives are compact units of minimum height 
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Kig. 141 Mofoiizod hand truck, powered by a sloinge battery, loading material 

into a freight car. 
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which carry a battery for motive power (Fig. 143). They are capable 
of pulling a train of loaded trailers and are rapidly replacing other 
means of transportation, including the animals which were commonly 
used for transporting material within mines. No trolleys are needed, 
and the rails do not require bonding. With no voltage drop in a long 
line, the operating voltages can be lower than when a trolley is used. 



Fig. 143. Mine locomotive operated by storage batteries. The battery is in the 
compartment beyond the operator, who is wearing a cap lamp for which a small 
battery is attached to his belt. 


In gaseous atmospheres which are present in some mines the 
storage-battery locomotive is the safest form of motive power. Types 
approved by the U. S. Bureau of Mines are permissible in such 
atmospheres. 

The Batteries 

The batteries used for propelling trucks and tractors are of either 
the lead-acid or the nickel-iron type. Typical batteries for use in 
trucks are shown in Figs. 144 and 145. 

For certain types of vehicle service, thin-plate batteries have been 
extensively used. The thin plates in these cells do not have a greater 
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capacity per plate than the thick plates of the same length and width. 
The capacity of the thin plates is actually less, but because a larger 
number of these plates can be used within a jar of given size the 
capacity of the cell at the higher rates of discharge is considerably 
greater. 

Connections between individual cells of a tray are made by intercell 
connectors, and similarly the connections between the trays are inter- 
tray connectors. These may be either burned or bolted to the termi- 
nals. Burned-on connectors are generally preferred, since the acid 
may creep in between the contact surfaces of the bolted connection 
and cause corrosion, which will destroy the joint electrically. j 

The intercell connectors may be either copper straps heavily lead- 
plated or solid connectors of lead-antimony alloy. The copper straps, 
which are sometimes subject to corrosion, have the advantage of flexiV 
bility and high conductivity. A loop in the middle of these strap^ 
allows for expansion and for a slight movement of the cells without 
danger of cracking the covers. The design of the intercell connectors 
is a matter of considerable importance, since the drop in voltage when 
the battery is subject to large current drains may become an appre- 
ciable part of the total available voltage of the battery. The power 
which is lost in the intercell connectors increases with the square of the 
current which the battery delivers. This power loss for low rates of 
discharge is entirely negligible, but at larger current rates such as may 
be required when a tractor is pulling a heavy load it may amount 
to i horsepower or more. Table 60 shows the power loss for intercell 


Tablic 60. Power Loss in Intercell Connectors 


Type and Number of Cells 

Discharge 

Current, 

amp 

Drop in 
Voltage 

PR Loss, 
w 

Lead-acid batteries, 12 cells 

45 

0.053 

2.38 

(11 connectors) 

90 

0.106 

9.5 


225 

0.264 

59.0 


450 

0.528 

237.6 


connectors on a battery of excellent design. This table shows a 
hundredfold increase in the power loss as the discharge current is 
increased from the normal value of 45 amperes to 10 times the normal 
rate, or 450 amperes. 

A wider variety of types and sizes of motor-power batteries is 
available now than in former years. It is obviously impossible to 
give detailed operating data for these, but their general characteristics 
may be found in Tables 61 and 62. The first of these applies to lead- 



Table 61. Data on Some Types of Batteries for Motive-Power Service 

(The data are given on the basis of 21-plate cells, which contain 10 positive plates, to facilitate estimates of current and 
capacities of other cells of their respective types. Motive-power cells are often discharged at relatively high rates. By using 
the ampere-hour capacities at the 6- and 8-hour rates which are given, computations may be made of the capacity at any other 
rate by using the equation given on page 216. All cells have double or triple insulation.) 
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C and D Celb 

CHS-21 

10 

183.3 

1100 

2112 

2.03 

1 92 
1.75 

146.3 

1170 

2258 

8i 

81 

281 

50 

1.280 

57.0 

203 

247t 

CDS-21 

10 

100 

600 

1170 

2 04 
1.95 
1.75 

79.6 

637 

1249 

8i 

61 

20J 

27 

1 280 
20 8 

117 

132t 

Gould-National Cells 

XRZ-21 

KRZ-21 

10 

166 7 
1000 

1975 
! 2.06 

1 975 
1.75 

133.125 

1065 

2095 

8i 

8J- 

281 

50 

1 280 
44 

228t 

XEZ-21 

KEZ-21 

10 

100 

600 

1170 

2 04 

1 95 

1 75 

80 

640 

1248 

81 

61 

211 

30 

1 280 
23 

1 125t 

133J 

XLZ-21 

KHZ-21 

10 

91 7 

550 

1070 

I 2 015 

1 1.94 

1 75 

73 125 
585 

1140 

81 

61 

201 

27 

1 280 
22 

123t 

1 130t 

XVLZ-21 

KTZ-21 

CO lO «0 ‘O S 

r- o 05 1 - CM CM 

-w -(- ++ 

O «OQOCMi-«.-i COCDiO 00CO»O O rHt'. ^05 

— leOOOO lOCMCO rHOJ .-t0505 

rf b- ^ 06 

XMZ-21 

KMZ-21 

10 

56 7 

340 

666 

2.03 

1.96 

1.75 

45 

360 

707 

81 

61 

151 

17 

1.280 

16 

86t 

90t 

Exide 
Flat Plate 

MVA-21 

10 

49 8 

299 

553 

2 04 

1 1.94 

i 1.76 

40.2 

321 

600 

61 

6i 

15 r. 

22 

1 250 
13 5 

60.5 

I 69.5 

Exide-Ironclad Cells 

MEH-21 

10 

166 7 
1000 

1910 

2 01 

1 91 
1.70 

133.1 

1065 

2045 

81 

81^ 

281 

50 

1 280 
46 

189 

229 

TLM-21 

10 

83.3 

500 

966 

2 02 

1 93 

1 74 

66.5 

532 

1034 

81 

61 

20| 

25 

1 280 
21 3 

95 

104 

ML-21 

10 

63.9 

383 

739 

2 03 
1.93 

1 75 

50.6 

405 

786 

81 

61 

1511 

23 

1 280 
16.4 

74 

81 

MVM-21 

10 

56.7 

340 

660 

2 04 

1 94 
1.76 

45 

360 

704 

8i 

61 

15 A 

22 

1 280 
15 5 

69 

76 


Number of positive plates per cell 

Normal 6-hr discharge, amp 
capacity, amp-hr 
capacity, w-^ 
voltage, initial, v 
average, v 
final, V 

Eight-hour discharge, amp 
capacity, amp-hr 
capacity, w-hr 

Dimensions, length, in. 
width, in. 
height, in. 

Charge rate, finishing rate, amp 

Electrolyte, sp. gr. 
w'eight per cell, lb 

Weight, complete cell, lb* 
battery, per cell, lb* 
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Table 62. Data on Edison Storage Batteries for Truck, Tractor, 

AND Other Service 

The electrical and physical characteristics are given for comparison on the 
6-positive-plate size for the motive-power types of cell. Ratings are based 
on 5-hour discharge for types A, B, C, and D; all to 1 volt per cell. Normal 
charge is 7 hours for types A, B, C, and D. 



Type 

Type 

Type 

Type 


B6 

A6 

C6 

D6 

Number of positive plates 

6 

6 

6 

6 

Normal discharge rate, amp 

22.5 

45.0 

67.5 

90.0 

capacity, amp-hr 

112.5 

225.0 

337.5 

450 iO 

capacity, w-hr 

135.0 

270 0 

405.0 

54010 

voltage, initial, v 

1.45 

1.45 

1.45 

l.\45 

average, v 

1.20 

1.20 

1.20 

1.20 

final, V 

1.00 

1.00 

1.00 

1 ^0 

Normal charge rate, amp 

22.5 

45.0 

67.5 

90. d 

average volts, 95° F 

1.704 

1.704 

1.704 

1 704 

maximum volts, 95° F 

1.845 

1.845 

1.845 

1.845 

Dimensions,* length, in. 

3.85 

3.85 

3.85 

3.79 

width, in. 

5.07 

5.13 

5.13 

5 07 

height, in. 

8.81 

13 41 

19.16 

25 S3 

Electrolyte, t lb per cell 

2.55 

4.12 

5.99 

8 30 

Resistance, mean effective, ohms 

0.004 

0.002 

0.0013 

0.001 

Weight of battery, t per cell, lb 

13 

22.4 

34.4 

45 6 

Single-positive-plate data: 





normal discharge rate, amp 

3.75 

7.50 

11.25 

15 00 

capacity, amp-hr 

18.75 

37.50 

56.25 

75 00 

capacity, w-hr 

22.50 

45 00 

67.50 

90.00 


voltages as above 

* Length and width dimensions are, respectively, the dimensions along and 
across the tray axis. 

t Electrolyte is for cells of normal height; *‘high” and “high-wide” cells 
require more. 

t Weights are for cells completely assembled in trays, including trays, 
connectors, and electrolyte. 

acid batteries having 21 plates per cell. This size of cell was arbitrar- 
ily chosen because each cell contains 10 positive plates, facilitating 
computations of other sizes on a decimal basis. The various types 
and kinds are not strictly comparable because of variations in size 
and kind of plates, in their spacing, and in the separators employed. 
These data were compiled from catalogs which should be consulted 
for detailed information. 
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Table 62 applies to the nickel-iron type, Edison cells. All cells 
are of the sizes ending in 6, that is, each cell contains 6 positive 
plates, and the capacities of other cells can be calculated as fractions 
or multiples. 

Figure 146 shows the variation of capacity of lead-acid batteries 
with time of discharge and the relation of power delivered to the 
discharge current. Similar curves for Edison batteries are given in 



Multiples of 6-Hour Rate Current 


Fig. 146. Variation of watt output with the rate of discharge, type MVM 

Exide-Ironclad . 

Fig. 147. These apply to the type A. Values for other types can 
be estimated by recalling that the B plate has half the ampere-hour 
capacity of the A size, the C plate once and a half more, and the 
D plate twice as much. 

The connections between the cells of Edison batteries consist of 
heavy copper wire swaged into steel lugs having an inside taper which 
fits the taper of the terminal posts of the cells. More of these connec- 
tors are necessarily used for the Edison battery than for the lead type, 
since 21 Edison cells correspond approximately in voltage to 12 cells 
of the lead type. In spite of this fact, however, the drop in voltage 
within the connectors exceeds that for the lead cells by only a slight 
amount. The Edison cells are assembled in hardwood crates which 
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are provided with recessed hard-rubber buttons into which fit the 
bosses on the individual cells. They are therefore held rigidly in 
position with a slight space between each cell to provide the necessary 
insulation and ventilation. 



Fig. 147. VariatioD of capacity and power output of Edison cells with the rate of 

discharge. 

The Service Which the Battery Has to Perform 

The electric vehicle differs from the gasoline truck in the matter of 
starting torque. The torque of the motor on the electric truck in- 
creases as the speed of the truck decreases, that is to say, the torque 
is a maximum when the truck is beginning to move. The gasoline 
engine, on the other hand, delivers its maximum torque at high speeds. 
The performance of an electric truck as compared with a gasoline 
truck at low speed is therefore in favor of the electric truck. 

The tractive effort of the truck is the force required to overcome 
the resistance of the vehicle and its load to motion. Drawbar-pull is 
a term applying to the trailing load and is usually expressed as pounds 
per ton of the total weight of the load. The drawbar-pull varies with 
the surface over which the vehicle moves, the grades it encounters, 
and the speed of the vehicle. Figure 148 slipws the relation of the 
drawbar-pull to the battery current and voltage. From this it is 
evident that the drawbar-pull increases as the current increases. 

The variation of the drawbar-pull with the surface over which the 
vehicle passes is shown in Table 63, which has been taken from an 
article by Pace,^ who states that the drawbar-pull is increased 20 
pounds per ton of load for each 1 per cent of upgrade. When the 


^Ekc. World, 71 795 (1919). 
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Fig. 148. Operating curves of a tractor. 


vehicle is going on a downgrade, however, an allowance of 20 pounds 
per ton may be made for each per cent of downgrade. 

The service that a vehicle or tractor performs is measured in terms 
of ton-miles per hour of the “pay load,^^ the ton-mile being a unit 
which corresponds to the transportation of 1 ton through a distance 
of 1 mile. The quantity “ton-miles per hour'^ is therefore a measure 
of the transportation service which the truck or tractor can render. 
This varies with the amount of the load and the grade along which it 


Table 63. Road Resistances Encountered with Trailers 


Type of Road Surface: 


Type of Road Surface: 


l^sistance lb per ton 


Resistance lb per ton 


Asphalt, hard 

28 

Snow, soft 

66 

Brick, smooth or cement floor 

40 

Gravel road 

75 

Brick, poor 

57 

Poor, macadam 

75 

Brick, glazed 

47 

Clay 

200 

Macadam 

47 

Sand road 

275 

Tarvia 

47 

Loose sand, 3 in. deep 

330 

Granite blocks 

56 

Concrete road 

36 

Wood blocks 

40 

Poor concrete 

53 

Snow, hard 

50 

Wood planking 

43 

Ice and snow 

40 

Wood planking, sticky surface 

1 57 
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passes. It depends also on the size, the design, and the construction 
of the vehicle. A given tractor may have a large transportation 
capacity because it can haul a very heavy load at a low speed, but 
this would not be suitable for use w’here small or medium loads must 
be transported rapidly. Or again, two tractors may be capable of 
drawing equal loads, but one of these may exceed the other in ton- 
miles per hour because of greater speed. Sometimes high speed may 
be objectionable. 
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DIESEL CRANKING BATTERIES 

Diesel engines belong to the class of internal-combustion engines. 
Like other engines of this class, they require a starting system to put 
them in motion before they can operate under their own power. Vari- 
ous systems for starting Diesel engines have been employed, including 
(1) electric starters, (2) comi)ressed-air starters, (3) small gasoline 
engines connected for the moment through reduction gears, and 
(4) the introduction of explosive mixtures which can be fired in the 
cylinders. Electric starters arc used nearly universally on the smaller 
types of engines, and modified forms of electric starters are employed 
on larger types, such as are found on Diesel locomotives. The voltage 
and current requirements of the battery exceed those for comparable 
gasoline engines. 

The present Diesel engines are modifications of the type first built 
in 1892 by Rudolph Diesel. They operate on the principle that air 
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compressed in the cylinders nearly adiabatically to about 500 pounds 
per square inch attains a temperature sufficient to cause ignition of 
the fuel, which is injected at the proper moment near the end of the 
compression stroke. Spark plugs to provide ignition are not necessary. 

Diesel engines are an economical source of power because they burn 
relatively cheap grades of oil, but further economies are possible 
because they operate at high compression which increases the effi- 
ciency of using the fuel. Other fuels than oil might be used, and, 
in fact, Diesel proposed the use of coal dust. 

Comparison of Diesel engines with the more familiar gasoline 
engines shows some points of similarity, but there are essential dif- 
ferences which distinguish one from the other, as shown in the follow- 
ing outline of four-stroke engines. 

Stroke Gasoline Engine Diesel Engine 

1. Suction stroke Air and gasoline vapor Air alone enters cylinder 

enter cylinder together 

2. Compression stroke Mixture is compressed to Air is compressed to 400 

90 to 150 lb per s(i to 500 lb per sq in. 

in. temperature 400 to 830 to 920° F 

500° F 

Beginning of combus- Spark ignition near top Fuel injected near top of 
tion of stroke, developing stroke, ignited by tern- 

pressure of 200 to 400 perature of air in cyl- 
Ib per sq in. inder, developing pres- 

sure of 500 to 850 lb 
per sq in. 

3. Expansion stroke The gases burn The gases burn 

4. Exhaust stroke The burned gases are ex- The burned gases are ex 

pelled from cylinder pelled from cylinder 

Figure 149, which was furnished through the courtesy of H. C. 
Riggs, shows two oscillograms of the starting of internal-combustion 
engines. The first is for a 6-cylinder gasoline engine of 300-cubic-inch 
displacement, and the second is for a 6-cylinder Diesel engine of 
equivalent size. Each was cranked when the temperature of the 
lubricating oil was 32° F. The curves show the comparative starting 
times, currents, and voltages. The effect of compression js shown by 
maximums in the current curves and minimums in the voltage curve. 
On the basis of this oscillogram the following comparisons can be 

made. 
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Gasoline Engine 

Diesel Engine 

Open-circuit battery voltage, v 

6.3 

25.2 

Maximum breakaway current, amp 

600 

1200.0 

Minimum voltage, v 

4.2 

15.0 

Rolling current, amp 

300 

600.0 

Cranking speed, rpm 

90 

180.0 

Average voltage (rolling), v 

5 

18.0 

Time to first fire, sec 

1 

7.0 

Time to starter release, sec 

2.G 

10.5 

Approximate watt-hours to start, w-hr 

0.6 

21.0 

Diesel engines are usually equipped 

with a generator 

for charging 


the batteries when the engine is running. These are similar, mo|'e or 
less, to the generators on gasoline engines. 

It is apparent from this outline that the starting problem is 
difficult in the case of Diesel engines than gasoline engines. Higher 

pressures in the cylinders 
must be overcome, but for- 
tunately this is partly offset 
after the engine has begun to 
rotate by the expansion of 
air previously compressed in 
other cylinders. Because 
high compression is required 
in Diesel engines, the clear- 
ances between pistons and 
cylinder walls must be small, 
and friction is, therefore, a 
relatively large factor. Lein- 



Fig. 149. Comparative oscillograms of start- 
ing gasoline engine (A) and Diesel engine 
(B), each having 6 cylinders, 300-cubic-inch 
displacement, temperature 32* F. 


gang^ has estimated that 60 
per cent of the power ex- 
pended in starting the engine 
is used in overcoming fric- 
tion between pistons and cylinder walls. The remaining 40 per cent is 
expended in overcoming compression and the friction of bearings and 
valve mechanisms. The Diesel engine must be turned fast enough to 
provide nearly adiabatic compression of the air.- Otherwise the temper- 
ature attained on compression stroke may be too low to ignite the fuel. 
If the compression were strictly adiabatic, the temperature attained as 
a result of compression of the air to 500 pounds per square inch would 
be about 1060° F, but in ordinary practice the cooling effect of the 
cylinder walls lowers the temperature to about 900° F. High cranking 
speeds are necessary also to avoid losses of pressure resulting from 
^Diesel Power, 16, 136 (1938). 
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blow-by ^ past the piston heads. This effect is greater in the smaller 
sizes of engines. 

Many sizes and kinds of Diesel engines are available for a variety 
of uses. The advent of small sizes and the decrease in weight per 
horsepower as a result of improved design and materials has stimu- 
lated the demand for Diesel engines. Some of their more important 
uses are: (1) portable power units for industrial service; (2) electric 
generating units including stationary and marine types; (3) marine 
propulsion and auxiliaries; (4) compressors and drilling equipment; 
(5) motive power on trucks, tractors, and buses; (6) industrial and 
railroad locopiotives. 

From the time of the first small Diesel-electric locomotive, tried 
experimentally in 1923 for switching service, to the beginning of 1950, 
when 35 per cent of all the railroad locomotives in the United States 
wTre Diesel-electric, the development has been extremely rapid. Co- 
incident with this has been the battery development as a necessary 
part of the equipment. 

The larger sizes usually operate at lower speeds. Diesel engines 
may be classified approximately according to speed as follows: Slow 
speed, up to 400 rpm; medium speed, 400 to 800 rpm; high speed, 800 
to 2000 rpm. Cranking speeds are lower, of course, than these figures 
but must be high enough to produce ignition. 

Climatic conditions are important. Diesel engines in transporta- 
tion service, and perhaps other services as well, may be exposed to 
temperatures of 0° F or below. Obviously the engines are more difiB- 
cult to start under such conditions, and much depends on the viscosity 
of the lubricating oil. To meet this difficulty the engines are kept 
warm by heating the circulating water. On the railways the tempera- 
ture of the water is said to be above 125° F when starting. With 
proper preparation the engine should start in not more than 20 seconds. 

Some of the larger Diesel engines that are directly connected to 
generators are started by the use of auxiliary field windings in the 
generators, which for the time being operate as motors, current being 
supplied by a battery of 32 or 56 cells. On engines of 1000 horsepower 
the breakaway current to be supplied by the battery may be as high as 
2000 amperes and the rolling current 1200 amperes. When the engine 
has attained a predetermined speed, the starter circuit is opened. 

Recent applications of high-speed Diesel engines to bus transporta- 
tion and other services have necessitated the development of 6- to 
12- volt starting systems somewhat analogous to those used on gasoline 
engines. The electric motors used for Diesel-engine starting are of 
the series-field type for which the torque increases with the current 
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and the speed depends on the voltage. Starting motors for engines 
up to 300 horsepower are relatively small, and they are usually 
mounted on the side of the engine. 

The starting requirements and how to determine them have been 
the subject of many papers. The battery engineer needs to know: 
(1) The maximum torque during the first revolution of the engine. 
This begins with the breakaway torque, and that depends on over- 
coming inertia, on the drag exerted by oil of high viscosity when the 
engine is cold and continues with compression of air in the cylinders. 
Sometimes, however, the maximum compression may not occur until 
near-completion of the first or second compression strokes. (2) 'ifhe 
torque at rolling speed when the engine should be ready to fire. 
(3) The firing speed. (4) The lowest voltage that will give firing 
speed after a specified time. (5) The lowest temperature to whith 
the engine is likely to be exposed. (6) A defined cranking or duty 
cycle. 

Perhaps the most common cranking cycle specifies 6 consecutive 
cranking periods of 15 seconds each, spaced 15 seconds apart, without 
the cranking speed falling below the required firing speed. A battery 
that can furnish 1^ minutes of continuous cranking at not less than 
specified speed and temperature should be able to meet the inter- 
mittent cycle easily. 

The relationship of speed of cranking to battery voltage for a 
motorized generator operating as a starting motor for a Diesel engine 
at 32° F is shown by a group of curves in Fig. 150. This illustration 



Fig, 150. Curves for a motorized generator operating as a starting motor for a 
Diesel engine, battery temperature 32** F. 
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is from a paper by Hoxie (see the Bibliography, page 403) and is 
recommended by him as a means of estimating the voltage at specified 
speeds of rotation. By superposing a curve indicating initial or 
5-second voltage of a particular battery on the starting motor char- 
acteristic curves, the maximum or stalled torque using this battery 
is indicated by the intersection of the battery voltage curve and the 



^30 40 ^ 70 80 90 100 no 120 130 140 150 160 

Amperes per Positive Plate 


Fig. 151. Relation of watt output per positive plate to the current dram per 
positive plate. Battery of the type MVAHT, Exide-Ironclad. Temperature 32 1-. 

line marked total IR drop. In Fig. 150 this is shown at a current of 
2070 amperes. Since the inductance of the starting motor prevents 
an instantaneous build-up of the current and the rotation generates 
a counterelectromotive force, the calculated stalled current will seldom 

be encountered in practice. i • u 4 - f 

The effect of temperature is important particularly at high rates ot 
discharge. Reduction in capacity at cranking rates of discharge and 
at low temperatures is much greater proportionately than at low rates 
such as the 6- or 8-hour rates. It is better in dealing with these 
starting batteries, therefore, to express the reduction in relative ca- 
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pacity in terms of the pereentage of current obtainable for the specified 
time and final voltage. 

Many of the smaller Diesel engines are cranked by ordinary 3- or 
6-cell batteries such as might serve on automobiles with gasoline 
engines. For intermediate sizes of engines 6- to 12-cell batteries of 
the heavy-duty type are employed. These have thicker plates and 



Volts per Cell 

Fig. 152. Relation of the watt output per positive plate to the terminal volts 
per cell. Temperature 32® F, type MV ART, Exide-Ironclad. 

separators. Larger Diesels used in marine service employ batteries 
of 12 to 64 cells. In this they are similar to those on locomotives. 

The initial watt output of the battery when discharge begins 
depends on the rate of discharge. If the rate of discharge is increased, 
the watt output will normally increase until a maximum is reached 
(see Fig. 112) beyond which any increase in the current results in 
a diminishing watt output. As discharge is prolonged the peak of 
the watt output occurs at successively smaller currents and at higher 
voltages. As an example of a battery discharging at 32° F, curves 
for an Exide-Ironclad battery of the type MVAHT are given in Figs. 



Present-Day Uses for Storage Batteries 403 

151 and 152. The former shows the current per positive plate and 
the^ latter the volts per cell plotted against the watts delivered per 
positive plate. 


Nickel-Cadmium Starter Batteries for Diesel Engines 

Increased use of Diesel engines has greatly stimulated the demand 
for heavy-duty batteries for starting them. The lead-acid batteries 
are doubtless in greatest use for this service, but nickel- cadmium 
batteries have also been used both in this country and abroad. These 
alkaline batteries arc applied to various services of which starting 
Diesels on heavy automotive trucks, marine engines, and railroad 
locomotives are illustrative. 

For use with marine engines, the Nicad batteries are assembled in 
unit trays of 5 cells. A 12-volt battery consists of 2 trays, 10 cells. 
Similarly 24- and 32-volt batteries are made up of 4 and 5 trays, 
20 and 25 cells respectively. A 5-cell unit tray is illustrated in 
Fig. 153. 

Heavier batteries for starting large engines such as those on loco- 
motives are assembled in 4-cell unit trays. They are charged by 
generators driven by the engines when running. The recommended 
voltage regulation is given in Table 64. 
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Fig. 153. Typical Nicad 5-cell battery, 6 volts. 


Table 64, Heavy-Duty Nickel-Cadmium Batteries for 
Engine Starting 


Nominal 


Voltage 

Trickle 

Battery 

No. of 

Regulator 

Chargers, 

Voltage, V 

Cells 

Setting, V 

If Used,* V 

24 

20 

29-30 

28-29 

32 

24 

35-36 

34-35 

64 

48 

70-72 

68-70 


* Trickle-charging is recommended in stationary applications or where the 
engine is run too infrequently to keep the battery charged. 

Current and capacity ratings for heavy-duty starting batteries of 
the type THR are given in Table 65. 

SWITCHGEAR CONTROL BATTERIES 

Battery installations in power stations and substations are princi- 
pally for insuring uninterrupted supply of currrent for operating 
remote control and automatic protective apparatus (Fig. 154). The 
services include closing electrically operated circuit breakers, operating 
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field rheostats and valves, and providing emergency lighting and in 
some installations for telephone communication. 

The character of the service required of batteries in power stations 
changed during the passing years, and this has brought about a change 



Fig. 154. Control bus battery, type 60 DME-17, installed in a station of the 
Philadelphia Electric Co 


in the type of battery and the method of its operation. In the early 
days of electrical engineering, central stations were confronted with 
heavy loads at certain times of the day and light loads at other times. 
The load factor was low, and efforts were made to improve the efficiency 
of operation by the use of batteries. The first central-station battery 
in this country is said to have been installed in 1885, and in the years 
that followed many battery installations were made. The primary 
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purpose of these batteries was to assist in carrying the heavy, or 
^^peak,” loads, the battery receiving its store of energy at such times 
as the generating equipment could carry the external load and charge 
the battery too. In some installations, when the minimum load was 
too light for efficient operation of the generators, the battery was used 
to carry the entire load for part of the time. The batteries were 
charged and discharged daily. The necessity for the storage battery 
in central stations, as it existed some years ago, has vanished, but at 
the same time a new demand for central-station batteries arose. 

Experience in the operation of electrical switching and protective 
apparatus has led to the conclusion that the storage battery is the 
most dependable source of power where direct current is required for 
operating such equipment in manual and automatic stations. 

Standard control voltages for closing and tripping electrically oper- 
ated circuit breakers are specified in standards of the American Stand- 
ards Association and other organizations. Mechanisms nominally 
rated for 125 volts have ranges of 90 to 130 volts for closing and 70 
to 140 volts for tripping. The maximum of 140 volts is practically 
fixed by limitations of lamps, coils of relays, and other equipment. 
The lower limits of these voltage ranges have been questioned. 
Switch operation occurs in a fraction of a second, but battery capacity 
is usually based on a momentary load for a period of 1 minute to a 
final voltage of 1.75 volts per cell. Measurements reported by Hoxie,^ 
using a cathode-ray oscilloscope, yielded interesting information about 
the actual service these batteries perform. 

Experimenting first with a non-inductive load representing the bat- 
tery, Hoxie found: (1) A rather large instantaneous drop in voltage 
representing the IR drop where R is the momentary internal resistance 
of the battery. (2) A rapid decrease in voltage lasting about 0.1 
second, the time depending on charging conditions existing at the time. 
(3) A less rapid drop to a fairly stabilized voltage. This occupied 
about 15 seconds and probably represents the effect of diffusing elec- 
trolyte. Beyond this point the effects produced are small. The whole 
phenomena occur in much less than 1 minute. 

In actual practice a delay occurs in building up the current because 
of inductive parts of the circuit. Hoxie points out that the current 
build-up in the coil of a closing solenoid is complicated. The battery 
current at any instant is influenced by the inductance of the circuit, 
but the inductance itself is changing. To a less extent the current is 
affected by the changing battery voltage. Oscillograms obtained with 

4 E. A. Hoxie, AppUcation of storage batteries to the control of switchgear, 
Trans. Am. Inst. Elec. Engrs., 66, 1561 (1947). 
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five typical solenoids show that there was no large instantaneous flow 
of current when the circuit was closed and as a result no large IR 
drop. In effect he found that the voltage at the battery terminals 
that is available for closing circuit breakers is appreciably higher than 
the voltage at the battery terminals following a continuous discharge 
at the 1-minute rate. This is fortunate. The ampere-second capacity 
of the battery becomes more important than its rating for longer time. 
However, the batteries are usually rated for 1, 8, and 72 hours as well 
as the short-time ratings of both current and capacity at 1 minute. 

The commonly preferred method of operating these batteries is to 
float them continuously at 2.15 volts per cell or 129 volts for a 60-|cell 
lead-acid battery, with occasional equalizing charges at 2.33 volts ber 
cell or 140 volts for the battery. As an alternative, when carefully 
controlled floating is not possible, the battery may be placed on charge 
automatically once each hour and disconnected by a relay when i^s 
voltage reaches 2.31 to 2.33 volts per cell. Either method keeps the 
battery practically fully charged. 

There are practical advantages to full-float operation. The personal 
element is eliminated, it is applicable in both attended and unattended 
stations, maintenance is reduced, and the life of the batteries is ex- 
tended. Generators are provided with drooping characteristic, or flat 
compounded up to full load and drooping beyond this point. The 
battery then takes the load when the need arises. 

In addition to the generators mentioned above, charging the batteries 
is also accomplished by floating them on constant voltage circuits sup- 
plied by current from rectifiers. Usually the load is less than 12 
amperes, but Phano chargers can take care of loads up to 25 amperes. 
Other rectifiers of the dry disk type are possible for similar uses. 

The fact that the batteries are floated means that the battery has 
very little work to do under normal conditions. It merely supplies 
momentary current for switch operation while the generator or rectifier 
supplies the steady demand and keeps the battery fully charged. The 
characteristics of the generator or rectifier must be such that they are 
protected when heavy discharges are needed. At such times the bat- 
tery must take the load. 

In estimating the size of battery required for any particular purpose, 
the engineer is at once confronted by the widely different services that 
these batteries perform. Current needed for the various low-rate 
services may be estimated and the proper number of positive plates of 
a specified size decided upon. Then the heavy current demands are 
added. Normally a switching operation requires a large current for 
1 second or less, but the number of probable simultaneous switching 
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operations must also be considered in estimating the current demand. 
The number of positive plates to deliver the required number of 
anaperes at the 1 -minute rate is determined, and the total number re- 
quired for the battery is the sum of the two estimates. 

In previous parts of this book, the fact has been emphasized that 
the ampere-hour capacity of a battery is proportional to the number 
of positive plates at a specified time rate of discharge. At extremely 
high rates, however, the voltage drop in these cells caused by the 
internal resistance of the cells becomes appreciable and the propor- 
tionality no longer exists. The current-carrying parts of the cell 
might be made heavier, but this is not always desirable or economical. 
The ampere ratings, like the ampere-hour capacities, are not strictly 
proportional. For example, a flat-plate cell, having 3 positive plates 
of the E size, has a discharge rate in amperes at the 1 -minute rate of 
288 amperes, but a similar cell, having twice as many positive plates, 
has a rating of 554 amperes, or less than twice as much. 

Plante batteries, including cells with Manchester positives (Fig. 23), 
are used for this purpose, but many pasted-plate batteries are used 
also. The service life is normally greater in full-float service than in 
cycle service, but continuous floating on the line tends to form 
(peroxidizc) the grids of pasted-plate batteries. This ultimately re- 
sults in terminating the service life of the cells, and the effect is greater 
if the average floating voltage exceeds that specified. To meet this 
situation, manufacturers have developed various types of batteries. 
(1) In certain small types of batteries the cells at one time contained 
a greatly increased ratio of positive active material to negative active 
material. This was accomplished by using 2 positive plates and 1 
negative plate in 3-plate cells, providing low current density at the 
positive plates. Grid formation was retarded. The higher current 
density at the negative plates was beneficial in keeping them fully 
charged and active. (2) Batteries containing reinforced grids (see 
Fig. 9) have been developed for floating service under the trade name 
of Flote (Fig. 22) . The grids have heavy members interspersed among 
those of more nearly the conventional size. The mass of metal is 
embedded in the active material. (3) Plante plates, which are well 
adapted to floating service, are combined with pasted negatives (see 
Fig. 30). The negatives are not subjected to the corroding action 
which affects the positives. 

All of these are batteries of the glass- jar type. They have covers 
which effectively close them, and the vents are designed to trap the 
spray and return it to the electrolyte within the cell. These batteries 
may be installed in the same room with other apparatus. 
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Alkaline batteries are used also for circuit-breaker control and emer- 
gency-lighting service as required by central-station or substation 
operation. They find their widest acceptance on low-voltage tripping 
circuits where 19-cell batteries are recommended for nominal 24-volt 
systems, 38 cells for nominal 48-volt systems, and 88 cells for 120-volt 
systems. These batteries are so applied that they are trickle-charged 
from normal power sources within the maximum voltage ranges of cir- 
cuit-breaker equipment. For 120-volt systems the maximum is 140 
volts, and for other systems values are correspondingly above the 
nominal-system voltage. The formula for computing the proper 
trickle charge for Edison batteries is given in Chapter 6. Discharge 
voltage data on cells of the A type are given in Table 66. 

Table 66. Cell Voltage after 15 Seconds^ Discharge at 
Indicated Multiples of Normal Rate, Type A Ch:LL 

Multiples of the Normal Rate 

Condition of Cell 

1 2 3 4 5 6 

Fully charged 1 38 1.29 1.20 1 11 1.02 0.93 

50% rated capacity out 1.21 1.12 1.04 0.97 0 87 0 79 

100% rated capacity out 1 08 0 97 0 85 0.74 0.63 0 52 
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EMERGENCY-LIGHTING BATTERIES 

Increased use is being made of storage batteries as a source of power 
for emergency lighting in buildings. Compact, self-contained units, 
including batteries and provision for automatically charging them, 
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have been developed to meet increased needs of this service. Not- 
withstanding the present high standard of reliability of central-station 
power, occasional interruptions of service occur as a result of storms, 
fire, floods, trafiBc crashes, short circuits and other causes. Failures 
are generally localized and beyond the control of the central station, 
but the public of today is less tolerant of interruptions and the effects 
may be serious. Continuous light lessens the liability to accidents, 
loss of life, panic, theft, property damage, and law suits. Such a list 
suggests the places where emergency lighting is particularly applicable: 
places of public assembly, banks, hospitals, large stores, power and 
industrial plants, schools, hotels, and ships. 

Individual emergency-lighting systems, which may be installed any- 
where that power is normally available, do not nec.cssarily provide for 
the full lighting load but rather for lights in particular locations where 
dangerous conditions could arise suddenly and without warning in the 
event of power failure. The danger zones are typically assembly halls, 
exits, operating rooms, bank vaults, etc. 

Selection of the danger zones is the first step in planning an emer- 
gency-lighting installation. The proper locations for lights and the 
amount of light required at each place then become problems for the 
illuminating engineer, but it is obvious that conditions are widely dif- 
ferent. Sufficient light to enable people to move in an orderly manner 
to exits is wholly unrelated to the needs of a physician at the operating 
table where an illumination of 1000 foot-candles is wanted, with the 
added stipulation that it must be free from shadows. 

The next step is to estimate the protection period required. That 
is, the time factor, which will depend in part on the reliability of the 
power supply and in part on the time needed to complete a course of 
events such as clearing an auditorium, completing a surgical operation, 
or repairing broken machinery. Protection periods are usually esti- 
mated at iy 2 hours, with 3 to 5 hours as the upper limit. 

The 12-volt systems which were commonly used some years ago 
have been largely superseded. The reasons for this are probably the 
special high-efficiency lamps which were not always readily available 
and the voltage drop when lines were long. As a low- voltage replace- 
ment, 6-volt light-guards with battery and individual rectifiers can be 
connected directly to 115-volt a-c outlets. 

In commercial installations, 32- and 110-volt systems are important. 
The system consists basically of the battery, the charger, and a transfer 
switch. In addition there are the necessary resistors, fuses, signal 
lights, and a switch to provide either automatic or manual control. 
Charging is at a trickle rate on 2.15 volts per cell or 129 volts per 



412 


Storage Batteries 


battery of 60 cells. After a power-line failure a high-rate charge 
begins automatically when the a-c service is restored, and this con- 
tinues until the battery is again fully charged. At this point a TVR 
relay automatically terminates the high-rate charge, and the low or 
trickle rate is established to run until the next power failure occurs. 
The signal light indicates when charging is being done at the high rate. 
It is extinguished when this is completed. 

The following emergency-lighting systems are available: (1) to oper- 
ate on 115 volts, 60 cycles, single phase, 2-wire circuits; (2) to operate 
on 115/230 volts, 60 cycles, single phase, 3-wire circuits; (3), to 
operate on 115/199 volts, 60 cycles, three phase, 4-wire circijits. 
Other systems are doubtless available. \ 

Lights normally “on’^ are the exit lights or other special lamps; 
those normally are the emergency lamps used only at the time 
of a power failure. \ 

Inspection is recommended at frequent intervals, such as once a 
week. The test switch should be operated and the cells having pilot 
balls inspected to determine whether both balls are ‘^up,^’ indicating 
that the battery is charged. Water should be added as needed, and 
occasionally the specific gravity of electrolyte in each cell should be 
measured; this should be about 1.210 when the battery is fully charged. 

In the larger emergency equipments, the control unit is contained in 
the metal cabinet. The battery of 60 cells is mounted on a suitable 
acid-proofed rack. The capacity required varies with th^ lighting 
requirements and the protection period that is needed. 

AUTOMOTIVE STARTING AND LIGHTING BATTERIES 

Development of Starting and Lighting Systems 

The application of storage batteries to starting and lighting service 
on passenger cars, trucks, and motorcoaches has been one of the notable 
developments in the battery industry. Starter systems for internal- 
combustion engines were first suggested about 1902, but the practical 
application of electric starters began about 1911. Before the electrical 
systems were adequately developed, various other systems employing 
compressed air, acetylene, and mechanical devices were in use. All 
these have been superseded by the electrical systems, employing bat- 
teries, motors, and generators. Aside from the fact that many of the 
earlier systems were not convenient to use or satisfactory in other 
respects, the demand for electric lights was an important factor in 
establishing the supremacy of electric starting. Between 1912 and 
1914 development was rapid, and electric starting became the com- 



413 


Present-Day Uses for Storage Batteries 

monly accepted method. At that time systems were classified as 
single-unit^^ or “two-unit^’ systems. The single-unit system employed 
a combined motor and generator. During the cranking period, this 
operated as a relatively low-speed motor, but after the engine started 
it functioned as a generator. Two-unit systems comprised separate 
motors and generators. These were smaller than the single-unit 
starters, and they operated at higher speeds. Occasionally reference 
is made to three-unit systems, the third unit being a magneto for 
ignition. Two-unit systems have superseded the others and are now 
practically universal. 

Principal Parts of Starting and Lighting Systems 

Any internal-combustion engine must be set in motion before it 
can operate on its own power. Each car must have, therefore, its 
individual source of energy for starting the engine. This is a battery 
of 6 or 12 volts on passenger cars and trucks and 12 volts on large 
motorcoaches. Electricity supplied by the battery operates a small 
electric motor which is automatically connected to the engine through 
a reduction gear when the starter switch is closed and automatically 
disconnected when the engine begins to operate under its own power. 
The battery also supplies current for lights and other services when the 
engine is not running. Current furnished by a generator, driven by the 
engine, maintains the battery in a charged state. The fact that a bat- 
tery may need to be removed from the car at some time for extra 
charging is merely evidence of a maladjustment of operating condi- 
tions, in the absence of any obvious defect. At such a time 125 to 150 
ampere-hours may be supplied, but this is small compared with the 
2000 to 10,000 ampere-hours supplied yearly by the generator on the 
car. Besides charging the battery, the generator supplies most, if not 
all, of the current requirements of the car when the engine is running. 

The load on the electrical system of automobiles has increased very 
greatly. In addition to th^xrequirements of former years for starting, 
lighting, and ignition, modern cars have more and brighter lights, cigar 
lighters, multiple horns, defrosters, fans, heaters, marker lights, panel 
indicators, radios, and air conditioners. During the past 25 years the 
electrical load of passenger cars has increased from about 7 amperes to 
over 30 amperes and to even more for trucks and motorcoaches. Bat- 
tery sizes have not been increased in proportion, but the output of 
generators has been materially increased. 

In the early days, batteries of 6, 12, 18, and 24 volts were used on 
passenger cars. These are now largely 6 volts. Factors which brought 
about standardization of 6-volt systems undoubtedly included the 
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Heater - Defroster 



Fig. 165. Electrical circuits of a passenger car, showing the new 12-voIt distribu- 
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Numbers Indicat 
Wire Size 
Ijetters Indicate 
Color 

B - Solid Black 
R- Solid Red 
N - Solid Natural 
BCT- Black Croaa 
Tracer 

BRCT - Black & Red 
Croaa Tracer 
RT-Red Tracer 
RCT - Ftt*d Croas Tracer 
GT - Green IVacer 
BGCT - Black & Green 
Croaa Tracer 
BT - Black Tracer 
GCT- Green Croaa 
Tracer 

G - Solid Green 
G // T - Green Parallel 
Tracer 

Light Switch liegend 

1 - Battery 
:ii- Parking Lights 
3 -Tail and Instrument 
Lights 

4 - Battery on Dimmer 
Switch 


tor system. (Courtesy Delco-Remy Division of General Motors Corporation.) 
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previous development of 6-volt ignition systems, operated by 4 dry 
cells, and the fact that 6-volt tungsten lamps were successfully pro- 
duced with short, rugged filaments which could withstand the mechani- 
cal shocks and vibration of automotive service. 

Again we are in a transition stage. The 6-volt systems on some of 
the larger and heavier cars of 1953 are being superseded by 12-volt 
systems (Fig. 155). 

Starting and Lighting Batteries 

These batteries (sometimes called SLI batteries, meaning starting, 
lighting, and ignition batteries) for passenger cars and trucks consist 
of 3 or 6 cells of the lead-acid type in a unit case of hard rubber br 
bituminous composition. The size and arrangement of the cells and 
the location of parts are all specified in detail in the standards of the 
Society of Automotive Engineers (S.A.E.) . Changes in this standard 
must be made at intervals to keep pace with advances in the automo- 
tive industry. The tendency has been to employ batteries with thinner 
plates and higher capacity. The shapes and general types of assembly 
are shown in Fig. 156. 

Capacity requirements vary from about 90 ampere-hours at the 
20-hour rate for the smallest passenger-car batteries to 200 ampere- 
hours at the same rate. Many small trucks use passenger-car bat- 
teries, but those specifically designated as truck batteries are usually 
found on larger and heavier vehicles. Motorcoach batteries include 
both 3- and 6-cell batteries. 

The S.A.E. list of batteries includes the smaller sizes of the lead-acid 
type in general use on motorboats, tractors, and other automotive 
industrial applications, as well as on motor vehicles. Actually, three 
or four sizes are commonly used, and these are sufficient to supply a 
vast majority of automotive installations. 

On small vehicles, having only a normal lighting and accessory load, 
the size of battery is determined by the cranking load. For motor- 
coaches, on the other hand, the lighting load is extremely heavy and 
the size of battery is determined by the lighting load in relation to the 
output of the generator. The greater the margin- of generator output 
over the actual load, the smaller the battery can be, provided that it 
is not less than would be adequate for cranking the engine. 

Batteries for combined starting and lighting service have a dual 
rating. The first is an indication of lighting ability and is the capacity 
in ampere-hours of the battery when it is discharged continuously at 
80° F to an average final voltage of 1.75 volts per cell at the 20-hour 
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rate, or 4-hour rate for motorcoach batteries. New batteries must 
equal or exceed their rated capacities on or before the third discharge. 
The second rating, applying only to passenger-car and motor-truck 
batteries, is an indication of the cranking ability under adverse condi- 
tions of low temperature. It is expressed as the number of minutes, 



Fig. 156. Shape and location of automotive battery parts: standard assembly, 
long assembly, reverse assembly, and motorcoach assembly. A modification of 
standard assembly brings both terminals to the front side of the battery 

(not shown). 

when the battery is discharged continuously at 300 amperes to a final 
terminal voltage of 1.0 volt per cell, the temperature of the battery at 
the beginning of such discharge being 0° F. As a part of the same low- 
temperature test, the terminal voltage of the battery is recorded at the 
end of the first 5 seconds. Minimum requirements for time and volt- 
age of each size and type of battery are part of the standards of the 
Society of Automotive Engineers. These batteries are required also 
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to meet certain minimum specifications for life tests, ranging from 
234 cycles to over 500, depending on the size and type. These tests 
are described in Chapter 9. 

Most of the automotive batteries are provided with single insula- 
tion, that is, wood or porous rubber separators between plates of 
opposite polarity. Some of them, however, have double insulation, 


Hard Rubber 
Cover 



Fig. 157. Starting and lighting battery for use on motorcoaohes, 12 volts. For 
the passenger-car type, see Fig. 21. 


which is defined for purposes of the specifications as the use of a retain- 
ing sheet of porous or perforated material between the positive plates 
and the customary single separator (Fig. 157). The effect of double 
insulation on the operating characteristics of the batteries is recognized 
in the S.A.E. standard. The additional insulation increases the in- 
ternal resistance of the battery, and a reduction of 10 per cent is 
allowed from the specified time and voltage requirements. The re- 
quirement for life cycles, however, is increased 15 per cent. Truck 
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and motorcoach batteries normally are provided with double insulation 
and must meet the requirements specified for such batteries. 

The terminals are ordinarily taper posts of different diameters to 
prevent wrong connections from being made. The standard for such 
terminals is specified by the Society of Automotive Engineers as 
follows: 


Small diameter, negative post 
Small diameter, positive post 
Taper per foot 
Minimum length of taper 

The polarity of the terminals should be indicated by letters or by 
plus ( + ) and negative ( — - ) signs. 

Connections arc made to these terminal posts by clamp connectors, 
of which there is considerable variety. These must fit well to avoid 
appreciable contact resistance, which would limit the amount of current 
delivered by the battery when cranking the engine. It is possible for 
the battery to supply current for the lights and other services and yet 
be limited by resistance at the contacts sufficiently to make starting 
difficult or impossible. Corrosion at the contacts requires that they 
be cleaned: first, all products of corrosion should be removed; second, 
acid on the surface and in recesses should be neutralized with dilute 
ammonia or soda; third, the terminals should be washed, dried, and 
greased; fourth, the clamp connections should be restored and tight- 
ened. Neutral greases may be used. Occasionally, some greases are 
found that promote corrosion. The number of patents that have been 
issued for various battery terminals and means of preventing corrosion 
is surprisingly large. 

Structure. The cells for starting and lighting batteries contain 
plates of the pasted variety, which are burned to the connecting straps 
to form the plate groups. Ordinarily there arc not less than 13 plates, 
including 6 positives and 7 negatives, in any cell. The largest sizes of 
cells may contain as many as 25 plates. The dimensions of the plates 
vary, but the ordinary sizes are about 5f inches in width, 5 inches in 
height, and 0.080 inch or less in thickness. The separators for these 
batteries are commonly made of wood, or wood separators are com- 
bined with retainers of perforated or slotted rubber, glass mats, etc.; 
but occasionally the wood separator has been superseded entirely by 
separators made of other materials, as for example porous-rubber or 
plastic separators. 

The electrolyte consists of a solution of sulfuric acid of a specific 


Incli 


a 

1 1 
1 6 



420 Storage Batteries 

gravity 1.260 to 1.280 when the battery is fully charged. The specific 
gravity decreases to about 1.140 when the battery is fully discharged. 
A high degree of purity of the electrolyte is desirable. The tempera- 
ture of the electrolyte, which also represents the temperature of the 
cell as a whole, should not exceed 110° F, because of the increased 
local action within the cell and the charring of the separators. 

Experiments reported by Little and Daily showed the strong effect 
of temperature on local action within the battery as indicated by the 
decrease of specific gravity of the electrolyte: 


Temperature 

Loss in Specific Gravity per Day 

120° F 

0.006 

100° 

.003 

60° 

.001 

0° 

.0003 

-40° 

.0001 


Cases for starting and lighting batteries are of hard rubber or 
bituminous compounds, molded to provide compartments for the indi- 
vidual cells. They are made in a variety of shapes and sizes, such as 
that illustrated in Fig. 16 in Chapter 2. In general, cases of hard 
rubber or bituminous materials are much the same in appearance, but 
the former are usually marked to indicate that they are hard rubber. 
These are preferred, because their life in service is generally longer 
and because they are less subject to deleterious effects of the electro- 
lyte. Figure 17 shows a cover. 

The connectors between cells are much heavier than on ordinary 
types of portable storage batteries. Solid connectors of lead or of 
lead-antimony alloy are used almost exclusively on batteries for service 
on passenger cars, but flexible copper connectors, heavily lead-coated, 
are used on some types of batteries for truck service. The voltage 
drop in the intercell connectors should not exceed 10 millivolts per inch 
of distance between post centers when the battery is discharging at 
the 20-minute rate. The resistance of the connectors will vary from 
0.00005 to 0.0002 ohm per inch of distance between the centers of the 
terminal posts of adjacent cells, according to theTjapacity of the bat- 
tery. It is obvious that if the resistance is more than a few thou- 
sandths of an ohm, the loss in voltage during the cranking period due 
to the IR drop in the connectors will be an appreciable part of the 
total voltage of the battery. 

Starting and lighting batteries may be obtained in the condition 

J. H. Little and R. A. Daily, Storage-battery performance at low temperatures, 
&. A. E, Journal, 61, 149 (1943). 
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best suited to the needs of the purchaser. The conditions for shipment 
have been specified as follows: 

а. Charged and WeL Batteries intended for immediate use or for wet storage 
where suitable facilities are available shall be filled with electrolyte and fully 
charged. 

Such batteries may be put in service after a brief inspection to 
determine whether the electrolyte stands at the proper height in each 
cell and whether the specific gravity of the electrolyte is normal. If 
electrolyte has been spilled, it should be replaced by electrolyte of 
corresponding specific gravity. If the battery is to be tested for 
capacity, or if the specific gravity of the electrolyte is low as a result of 
considerable time elapsing since the last charge, the battery should be 
given a freshening charge. This is done at the hnishing rate until the 
specific gravity ceases to rise, measurements being made on each cell. 

б. Charged and Dry. Batteries intended for storage in the charged condition 
within the time limit specified by the manufacturer shall contain dry charged 
plates and dry separators or double insulation. The vents of each cell shall 
be closed, except as provision is made for equalizing atmospheric pressure 
fluctuations, and shall remain so until the battery is prepared for service. 

These batteries are made ready for service by filling them with 
electrolyte in accordance with directions furnished by the manufac- 
turer. In the absence of specific instructions, the following procedure 
may be used: Fill the battery with electrolyte of 1.250 sp. gr. (tem- 
perature not exceeding 80° F) to about % inch above the plates and 
allow the battery to stand 1 hour. At the end of this time the battery 
may be put in service after adjusting the electrolyte to the proper 
height in each cell. Such batteries will give about one-half to two- 
thirds of their rated capacity on the initial discharge. If the battery 
is not put in service within 12 hours it should be charged. 

c. Uncharged, Batteries intended for storage in the uncharged condition 
within the time limit specified by the manufacturer shall contain dry plates 
and dry or moist separators. The vent of each cell shall be closed, except as 
provision is made for equalizing atmospheric pressure fluctuations, and shall 
remain so until the battery is prepared for service. 

When the batteries are filled, electrolyte of the specific gravity 
recommended by the manufacturer should be employed. The specific 
gravity will depend on the amount of water in the separators and sul- 
fate in the plates and on the final specific gravity to be reached when 
the cells are fully charged, but it is usually within the range 1.250 to 
1.280. The temperature of the electrolyte should not exceed 80° F at 
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the time it is poured into the cells, but a rise in temperature will be 
observed, caused by the formation of lead sulfate. Twelve hours is 
usually required for the electrolyte to diffuse into the pores of the 
plates and for the battery to cool. After this, and before 24 hours 
has elapsed, the battery should be placed on charge. The rate of 
charge suitable for this purpose is sometimes specified as the finishing 
rate, but a better guide is to calculate the 20-hour rate from the rated 
capacity of the battery and continue charging at this rate for about 
84 hours. At the conclusion of the charge the electrolyte may be 
adjusted to the proper value. 

Charging System 1 

A generator driven by the engine is the source of electricity on eWh 
car. Small generators running at high speed can deliver as large; an 
output as larger and more expensive generators operating at lower 
speed, but the latter are likely to last longer in service. Notwith- 
standing the greatly increased loads of the modern automobile, the 
size of generators has not materially increased. The larger output 
now required has been obtained by refinements in design and by pro- 
viding ventilation. The generator capacity should equal the total 
load with some reserve to keep the battery charged. The generator 
must provide sufficient voltage for the lamps over a wide range of car 
speeds and a variation of about 50 amperes between light- and full-load 
conditions. Satisfactory operation depends in part on the selection 
of the best drive ratio and on the regulation of the generator’s output. 

The third-brush generator without other means of regulation was 
formerly in wide use. Its characteristic of maximum output at a 
definite car speed was suitable for average driving conditions. It car- 
ried the load through a speed range of about 14 to 40 miles per hour, 
and the charging current was not excessive. 

Enlarging the battery would take care of increased charging currents 
of the present day but would offer no solution for increased voltages 
which came with the increased speeds and heavier loads of the modern 
car. Third-brush generators of higher output can carry the maximum 
load, but, if the load is light, the battery is likely to be seriously over- 
charged. On the other hand, when the battery becomes fully charged 
and the load is light, voltages are likely to be excessive during severely 
cold weather. This causes arcing at the ignition contacts, shortens the 
life of lamp bulbs, and affects radio tubes adversely. The result has 
been the introduction of current or voltage regulators, or both, as a 
means of limiting the current and voltage supplied by the generator 
which may be a shunt or compound type. Voltage regulators are 
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essentially electromagnets whose windings are energized so that the 
magnetic pull on the armature is approximately proportional to the 
impressed voltage. At a specified value the armature opens contacts 
and thereby inserts a resistance in the generator field circuit. This 
reduces the generator voltage and, consequently, the charging current 
to the battery. The armature is released, subsequently completing 
the cycle which is repeated often enough to maintain the voltage at the 
desired value. This is set for about 7.0 to 7.2 volts which is necessary 
for the battery. 

Burning the headlights to decrease the charging rate on the battery 
is of little use on modern cars. The voltage relay automatically re- 
duces the charging rate when the battery voltage rises to a predeter- 
mined value which is characteristic of a fully charged battery. At 
lower voltages than this the battery can safely absorb larger charging 
currents. 

In addition there is a cut-out relay which disconnects the battery 
from the generator circuit when the generator voltage is too low to 
charge it. This relay closes at about 7 volts corres])onding io a car 
speed of about 8 to 12 miles per hour. The cut-out relay normally 
remains open when the engine is stoppeo. 

The Service That Starting and Lighting Batteries Must Perform 

During the period of cranking an automobile engine, the battery 
is called upon to supply a large current which fluctuates rapidly be- 
cause of the compression of gas in the cylinders of the engine. It has 
been possible to study the demands made upon starting and lighting 
batteries in the operation of various types of automobiles by using an 
oscillograph. Photographic records of the instantaneous values of 
current and voltage were obtained at the National Bureau of Stand- 
ards.® In addition to the data relative to the battery requirements, 
the interpretation of these records brought out interesting facts with 
relation to the study of lubrication and engine problems. 

In order to obtain records for periods of sufficiently long duration, 
the ordinary film drum of the oscillograph was replaced by a camera 
of special construction in which photographic paper in rolls of 100 feet 
could be used. One element was used to record the voltage at the 
terminals of the battery, another to record the current through the 
battery circuit, and the third to make the time record, which consisted 
of the half-second ticks of a chronometer. The general character of the 

® G. W. Vinal and C. L. Snyder, Natl. Bur. Standards, Technol. Paper 186. See 
also Smith-Rose and Spillsbury, Some oscillograph tests on electric starters for 
motor cars, J. Inst. Elec. Eng., 67, 133 (1929). 
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curves is shown in Fig. 158. This oscillogram begins at the right and 
is to be read from right to left. The time intervals are recorded at 
the top of the record. The curve next below the time record represents 
the fluctuations of the voltage at the terminals of the battery when the 
starter is in operation. The last curve represents the current and 
shows the fluctuations due to compression in the successive cylinders. 
The zero value of this current is shown by the horizontal line in the 
lower corners. 

This record was made on an old car of 4 cylinders, but it is chosen 
in preference to others because it illustrates the principles without 



Fig. 158, Record of the current and voltage in the battery circuit of a 4-cylinder 
car when the starter was cranking the engine, 2-unit system. 

complications of overlapping cylinders, which are more difficult to 
interpret. During the first half-second after closing the starting 
switch, the current fluctuated rapidly through a range of more than 100 
amperes, the maximum value being about 250 amperes. In this figure 
it can be clearly seen that the minimum values of voltage correspond 
to the maximum values of current. 

Temperature plays a very important role in determining the suc- 
cessful operation of an electric starter system. The low temperatures 
increase the viscosity of the oils, decrease the terminal voltage and 
capacity of the battery, and increase the difficulty in producing com- 
bustion of the gasoline vapor in the cylinders of the engine. The effect 
of the increased viscosity of the oil on the work that the battery has to 
do is related to the current in the electric circuit. The current that 
the battery delivers to the starting motor is proportional to the torque 
which the motor is able to exert in cranking the engine. The torque 
required to start any engine is obviously dependent on the friction and 
therefore dependent on the viscosity of the oil the engine contains. 
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Both temperature and rate of discharge affect the available capacity 
of the battery. These matters have been discussed in preceding sec- 
tions, but it is appropriate here to indicate some facts about starting 
and lighting batteries that may seem rather surprising. Take, for 
example, a battery which normally has a capacity of 100 ampere-hours 
at the 20-hour rate at 80° F. This same battery has a capacity of 
about 16 ampere-hours at a discharge rate of 300 amperes at 0° F, 
which is an assumed condition for starting a car, according to the 
S.A.E. standard. This seems very small, but to find whether it is 
adequate comparison must be made with the capacity needed for 
actually starting a car. Assume for the moment that an average cur- 
rent of 300 amperes is needed for cranking the engine and that the 
time is unusually long, 10 seconds. The battery output is 3000 
ampere-seconds or 0.83 ampere-hour, which is about one-twentieth of 
the battery^s capacity. 

At extremely low temperatures the batteries do not accept charge 
readily. Little and Daily {loc, ciL) found a temperature of 40° F 
necessary for efficient charging. This means that at low temperatures 
the charging rate must be reduced. What they have called the effi- 
ciency of charging is related to temperatures as follows: 


Temperature Efficiency of Charging^ % 

-40° F 20 

-20° 60 

0 ° 80 

+20° to 4-40° 90 

Chubb and Harner^ observed the sharply reduced capacities at high 
rates of discharge and low temperatures. The exponent n in Peukert’s 
equation (see page 216) is materially greater under such circumstances 
than when the battery is operating at ordinary temperatures. Their 
test extended from — 18° C (0° F) to 38° C (100 F). 


Care of Starting and Lighting Batteries 

Although starting and lighting batteries are often subjected to severe 
charging conditions, they will give satisfactory service provided they 
receive ordinary care and maintenance. This includes the proper 
adjustment of the charging system as well as the care of the battery 


The most convenient means of estimating the state of charge of the 
battery is by the hydrometer readings. When the battery is fully 


T M. F. Chubb and H. R. Earner, Effect of temperature and rate of discharge 
on capacity of lead-acid storage batteries, Trans. Electrochem. Soc., 88, 251 (1935). 
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charged the specific gravity will range from 1.260 to 1.280. When the 
battery is discharged the specific gravity will range from 1.140 to 1.160. 
These are the specific gravities when measurements are made at ordi- 
nary temperatures. Intermediate states of charge of a battery may 
be estimated by interpolating between the limits for the charged and 
discharged conditions. 

Batteries that are used for automobile service in the tropics require 
lower specific gravities owing to the increase in chemical activity due 
to the higher temperature. It is customary to adjust the electrolyte 
for these batteries to a maximum value of 1.220, and this may decrease 
to 1.080 when the battery is completely discharged. { 

The second essential in the ordinary care of the batteries is the 
addition of pure water as necessary to keep the plates well covered. 
The water is added to replace the so-called evaporation. By the term 
“evaporation” is meant not only the evaporation that takes place in 
the ordinary sense but also loss of water due to gassing when the 
cells are on charge. The water should always be added after the 
hydrometer readings are completed. This is because the water, being 
less dense than the electrolyte, tends to remain on the top and give a 
false indication of the specific gravity. The water gradually mixes 
with the acid, and the electrolyte comes to a uniform density as a result 
of the gassing that takes place when the cells are on charge. This 
also suggests the necessity of making additions of water to cells in 
extremely cold weather before running the car, rather than after, to 
avoid the danger of freezing. Distilled water is much to be preferred 
but is not always available. 

A number of testing devices have been developed to determine 
quickly the condition of starting and lighting batteries. They depend 
for the most part on the interpretation of voltage data when the cells 
are discharging at a high rate comparable with conditions for starting 
the engine. Some of these are simple prongs applied to the terminals 
of the individual cells, causing a current of several hundred amperes 
to flow while the terminal voltage is read on a meter. Others which 
are more elaborate provide a variety of meters for the different tests, 
and these may be adjusted for the size and type of battery to be tested 
and the number of plates it contains. The objective sought in making 
these tests are, first, to determine whether the battery is in serviceable 
condition without the necessity of opening it; and, second, to convince 
the customer of the battcry^s condition by a demonstration. 

As a preliminary, the specific gravity of each cell is read. If all 
cells are uniform in this respect and if the value of specific gravity in 
each cell is above 1.225, the battery is presumed to be in reasonably 
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good condition. Below this figure, charging is recommended. Con- 
siderable variations in specific gravity readings (50 points or more) 
usually indicate sources of trouble such as short circuits through sepa- 
rators; leakage of electrolyte through partitions between cells; worn- 
out plates in one or more cells; or badly contaminated electrolyte. 
The emphasis is placed on uniformity. Electrical tests which show 
voltage variations between the individual cells amounting to 0.15 volt 
or more when the cells arc being discharged at a rate of 25 or more 
amperes per positive plate arc usually interpreted to mean that a short 
circuit is present in the low cell or cells. 

In the absence of evidence that short circuits exist in the battery, 
charging is usually recotnineiulcd. This is conveniently done by using 
one of the various types of rectifiers designed for the purpose. As 
charging proceeds, the cells, if in good condition, should ‘'come up’' 
uniformly and finally reach a constant specific g’/avity. Voltage meas- 
urements made at this time should be uniform, but no definite figure 
can be set because the charging voltage varies witli the current and 
temperature. Ten or twelve hours after charging has been completed 
and the battery disconnected from the charging circuit, equilibrium 
between the plates and electrolyte should be reached. There is then a 
definite relation between the state of charge and the terminal voltage 
of the individual cells. 

Another essential for the satisfactory operation of a starting and 
lighting battery is cleanliness. AVater or electrolyte which has been 
spilled on the top of the battery should be wiped off. A rag moistened 
with dilute ammonia (approximately 1 to 10) or a solution of baking 
soda may be used to neutralize the acid on the top of the battery. 
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AIRCRAFT BATTERIES 

Storage batteries find important uses on aircraft for lighting, igni- 
tion, operation of various auxiliaries, and on some planes for engine 
starting. The weight of a storage battery is a detriment, and every 
effort is made to hold this to a minimum. High capacity per unit of 
weight is obtained by the use of thin plates and highly expanded active 
material The usual installations involve the system- governed method 
of charging (see page 257), the battery taking care of electrical re- 
quirements until a certain engine speed is reached when control relays 
throw the load off the battery and onto a generator, which from then 
on supplies charging current to the battery. 

The batteries are provided with microporous-rubber or plastic se'jpa- 
rators and often glass-mat retainers. In this condition the batteries 
can be shipped charged and dry. They are activated by being filled 
with dilute sulfuric acid of 1.275 sp. gr. at a temperature not exceeding 
90° F to a height of ^ inch above the protector covering the top of 
the plates. The battery should be allowed to stand for 1 hour after 
filling. It may then be further charged at rates specified by the manu- 
facturer and the level of electrolyte carefully adjusted to the required 
height in order that the “non-spilP^ device may function properly if 
the battery is inverted. 

Maximum capacity of the battery is based on (1) electrolyte of 
1.285 sp. gr. when fully charged; (2) filling the cells to ^ inch above 
the protector plates, and (3) a temperature of 80° F at the beginning 
of discharge. 

Electric systems on aircraft began with 6-volt batteries and circuits 
somewhat similar to those on existing automobiles. With the fast- 
growing developments in aeronautics the electrical requirements were 
said to have increased from 1 kilowatt per plane in 1936 to 50 kilowatts 
10 years later. The 6-volt systems were followed by 12-volt systems. 
About 1939 the trend toward larger aircraft brought with it the further 
increase to 24-volt systems. As the voltage increased the size of 
conductor cables could be diminished, and this made an important 
saving in weight. More recently 120-volt d-c systems and 208Y/120- 
volt a-c systems have appeared. The three-phase systems are at a 
frequency of 400 cycles. Detailed descriptions lag behind actual prac- 
tice and will not be attempted here. 

The great increase in electrical requirements has not brought about 
a corresponding increase in size or capacity of the batteries. The 
engine-driven generators have been made remarkably efficient and with 
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forced ventilation carry the main load. The battery on the other hand 
serves (1) to maintain the proper voltage level in the face of widely 
varying transients, (2) to supply power for short-time demands, (3) to 
supply power for those demands whose aggregate is small compared 
with those of the rotating units. 

The 24-volt systems, for example, provide batteries permanently 
connected to a bus of about 28 volts whose exact value, usually 28.5 
volts, must be determined by the needs of the battery and fixed by 
voltage regulators. Accuracy in this relay adjustment is essential if 
the battery is to be adequately charged and not overcharged to the 
point of injury. 

High-discharge rates are permissible. The battery may be dis- 
charged without injury at any rate of current that it can deliver. The 
maximum rate is limited by the current-carrying ability of the termi- 
nals, wiring, or apparatus to which it may be connected. The lower 
operating limit of voltage is usually taken as 17| volts. 

Exposure to low temperatures reduces the available capacity tem- 
porarily while the condition exists. Freezing should be avoided but is 
not likely to occur if the battery is fully charged. High temperatures 
on the other hand, above 110° F, will shorten the life of the plates. 
Ventilation of the battery compartment is necessary and can be ad- 
justed to hold the temperature of the battery to safe limits provided 
the voltage regulators which control the charging rate are properly 
adjusted. 

Because military airplanes fly upside down and do other “stunts” 
for which there is need in military combat, great emphasis has been 
placed on making the batteries non-spillable. This was accomplished 
by the use of the so-called double chamber with stand-pipe vent plug. 
Above the plates is a compartment into which the electrolyte can flow 
from the plates if the battery is inverted. The vent plug is elongated 
and is vented at the lower tip, which is so placed as to be always 
out of the electrolyte whatever the position of the battery may be. 
This requires that the electrolyte shall be adjusted to the proper height 
when the battery is made ready for service. The use of the double 
chamber necessitates a considerable superstructure which adds to the 
weight of the battery and the space that it takes up in the plane. The 
added fact that pressures within and wdthout the battery are equalized 
for all positions of the battery is one reason for retaining the principle 

in a modified form. . 

Another type of non-spillable vent plug is illustrated in Fig. 159. 
A weighted cone, usually of lead, operates a small valve which is open 
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when the battery is upright. When the battery is inverted the cone 
falls from its former position, and the valve seals off the vent from 
within the cell. 

To avoid radio interference, metallic shielding is used. The con- 
tainers for such batteries (Fig. 160) are made of aluminum, protected 
by an acid-resisting vinyl coating. The metal container extends con- 
siderably above the top of the cells and is closed by a cover of 
aluminum and fastened by hold-down bolts. The cable connections 


Ventilated 



Sealed 





Inverted 


Fig. 159. Vent plug to prevent spillage of electrolyte, normal and inverted 

positions. 


are in shielded conduit. These are brought to a covered terminal box 
on the side of the battery. All metallic shielding is electrically con- 
nected. Vents passing through the side of the box serve to equalize 
the pressure inside the container with that of the outside atmosphere. 

The performance of the battery is sometimes judged by the amount 
of water it requires. If the amount exceeds that specified by the manu- 
facturer, the indications are that the charging rate is too high, and 
the bus voltage must be lowered accordingly. Tlie method of charging 
the batteries on the plane is essentially constant-potential charging 
with some limitation of the maximum current that the batteries can 
receive. 

An inertia starter of 24 volts requires about 8 seconds to reach top 
speed of 12,000 revolutions per minute. The current drawn from the 
battery is about 320 amperes at the breakaway, but this drops rapidly 
as the counterclectromotive force of the motor rises, reaching a con- 
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stent value of about 60 amperes. The voltage of the battery at this 
time is about 23 volts, depending on the current. 

For proper maintenance the batteries should be seated evenly and 
held firmly in place, but they .should be readily accessible for inspection. 


Container Cover 
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Pig. 160. Illustrating a typical aircraft sliieldt'd battery. 


Connecting cables must be flexible and sufficiently long to prevent 
pull on the battery case. Considerable care in the addition of water 
should be taken to prevent flooding. 

Airplane batteries are rated for several time intervals corresponding 
to the various services that they perforin. The ratings and cut-off 
voltages are usually those given in Table 07. 


Table 67. Time Rates and Cut-off ^V)LTA(1ES for 
Airplaxe Batteries 


Time Rate 
of Discharge 
40 hours 
5 hours 
20 minutes 
5 minutes 


(hit-off Voltages, 
v per cell 
1.80 
1.75 
1.50 
1.20 
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In addition a “safe rate” is specified in amperes for 1 minute. This 
exceeds the 5-minute rating. The purpose is to assure the safe current- 
carrying capacity of the intercell connectors and other parts of the cell. 
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APPLICATIONS TO PORTABLE ELECTRIC LAMPS 
FOR USE IN MINES 

Safe and adequate illumination for miners has been the subject of 
experiment and development for more than a hundred years. The 
early safety lamps of Clanny (1811) and Stevenson (1815), and the 
better known invention of Sir Humphrey Davy (1816), contributed 
greatly to safety in gaseous mines. The success of Davyds safety lamp 
was immediate; within a year its use in northern England became 
general. With modifications in structure and improvements in illumi- 
nants, the principle of the Davy lamp has continued to the present time. 
The first mention of portable electric lamps for use in mines appears 
to have been about 1901, but they were not used in considerable quan- 
tity until more than ten years later. In 1918, 48,000 electric lamps 
were reported to be in use in Pennsylvania. 

Nearly all of the half million or more portable lamps now used 
underground in the American hemisphere are of 4he cap-lamp type, but 
a small proportion of hand lamps are used for inspection and signaling. 
In Europe, however, hand lamps outnumber cap lamps. 

The electric cap lamp was first developed to replace the flame safety 
lamps employed in gaseous mines. Open-flame carbide lamps continue 
to be used, however, in many non-gaseous mines. The early electric 
cap lamps could not compete from an illumination standpoint. This 
condition continued for some years, but great improvements have since 
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been made; and they are now finding use in many non-gaseous coal 
and metal mines. 

The effective illumination provided by cap lamps is many times 
greater than that available from the first electric cap lamp. This 
improvement has resulted from (1) increased battery capacity, (2) in- 
creased lamp efficiency, (3) improved headpieces, and (4) improved 
distribution of the light. A notable advance in efficiency of the lamp 
bulb, amounting to about 20 per cent, was made by substituting kryp- 
ton gas for argon. Krypton has a lower heat conductivity than either 
argon or nitrogen, which are commonly used in incandescent lamps. 
Krypton is a very rare gas whose atomic weight is 83.7. Its use is 
limited at present to those small lamps for which the highest efficiency 
is desired. If Xenon, another inert gas which is even more rare than 


krypton, should become available, it is possible tliat a still greater gain 
in efficiency might be made. Its atomic weight is 131.3. 

Service underground is considered the most severe for portable 
batteries. The battery may be in almost any position when used, and 
it may suffer from mechanical shocks, abuse, and neglect. 1 o prevent 
spillage of electrolyte, various special vent tubes, spring-actuated 
valves, absorbents, and jelly electrolytes have been employed. Jelly 
electrolytes are usually the sulfuric acid-sodium silicate type. 

Tests to determine the suitability of these batteries and lamps for 
service in mines are specified by the U. S. Bureau of Mines. 1 hesc 
tests cover the character of the light beam, the capacity of the battery, 
and safety features of lamp-mounting to avoid the possibility of ignit- 
ing explosive gases if the lamp bulb should be broken. 

Many types and kinds of miners^ lights have been used. Some o 
of these employ alkaline storage batteries and others the lead-acid type. 


Only a few of them can be described here. 

The first Edison electric cap lamp was brought out in 1914. The 
mechanical construction of the Edison battery together with its ability 
to withstand overcharge, or to remain in a discharged condition for an 
indefinite period of time without serious injury, makes it well adapted 
to this service. These batteries, although smaller than the industrial 
sizes, are made in the same manner and use the same sizes of tubes and 
pockets in the positive and negative plates, respectively. ® 

shows the construction of the battery, and Figure 162 shows the com^ 
plete unit, battery, headpiece and lamp of the latest 
cap lamp There are 4 cells (2 twin cells) enclosed m a nylon con 
aTn r. A gasketed nylon cover block is attached to the container 

with stainless-steel retaining bands, and through 

cell filler openings protrude. During use these openings are closed 
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Fig. 161. Edison mine lamp, cut-away view of the battery. 



Fig. 162. Edison model 114 cap lamp and battery. 
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with automatic safety valves, and a stainless-stccl cover goes over the 
whole and is fastened by a magnetic lock to prevent unauthorized 
opening. The headpiece is molded plastic. The lamp has two fila- 
ments so that, if one burns out during the working shift, the other 
can be switched on. 


Butaprene Case 
Sealing Gasket 


Non- Spilling 
Device 

Filler Plug 
Vent Hole 



Negative Plate 


Fiberglas Mat 

Polystyrene 

Channel 


Balsa Wood 
Separator 

Positive Plate 


Fig. 163. Wheat mine-lamp battery of the lead-acid type, type W. A battery 
of 4 volts, capable of 12 horns’ di.schargo with a 1.0-ampere bulb. In use the 
battery is surmounted by a locked metal cap from which the cord makes connec- 
tion to the lamp. Charging is done through contacts on the lamp. 

The Wheat mine lamp, “Forty-Niner,” employs a battery of 2 cells 
of the lead-acid type. It is contained in a plastic^ case and consists 
of 2 cells, giving 4 volts. The positive plates are of the Exide-Ironclad 
type of small size as shown in Fig. 9 of Chapter 2 The individual 
pencils in these plates, however, are square but otherwise like those 
used in motive-power batteries. The negative plates are of the flat- 

SButalite case (polystyrene-butadiene). 
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pasted type. Between the positives and negatives is a relatively thick 
balsa wood separator and glass wool mats. A battery of this type is 
shown in Fig. 163. The lamp is equipped with a krypton gas-filled 
bulb at the center of the reflector. A second bulb is provided as a 
“stand-by’’ bulb, which can provide sufficient illumination for working 
purposes. The nearly flat voltage characteristic of these cells on dis- 
charge is advantageous, as the lamps are quite sensitive to changes in 
voltage. Charging is accomplished on an automatic rack with sele- 
nium rectifier through safety conta(?ts on the headpiece. The current 
is conducted to the battery through the cord, and it is not necessary 
to open or disconnect any part of the equipment in order to charge the 
battery. As with other electric cap lamps, the battery is worn on the 
belt of the miner. The complete equipment weighs 80 ounces of yhich 
the battery is 64 ounces. 1 
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Accumulators, 8 

Acetic acid, 54, 63, 145, 146, 312, 314 

Acid (sulfuric), see also Sulfuric acid 
solutions, absorption test, 24 
action on lead, 13 
additions to cell, 307 
measurement, 120 
pasting process, 30 
production, 103 
purity, 131 
table, 123 

Active materials, change in volume, 43, 
201, 226 

coefficient of use, 209, 211 
Edison cells, 86, 87, 89, 196, 229 
lead-acid cells, 4, 39, 46, 50 
limited use, 208 
nickel-cadmium cells, 95 
porosity, 225 
shrinkage, 315 
silver oxide cells, 100 
spalling, 309 

theoretical capacity, 207, 211, 229 
thickness, 211 

Air-conditioning batteries, 372, 375 

Aircraft batteries, 428 
shielded battery, 431 
systems, 428 

vents to prevent spillage, 430 

Alcohol, 147 

Alkaline cells, boosting, 254 
capacity, 90, 229, 392 
charge and discharge, 265 
Edison cells, 85, 392 
efficiency, 335, 336 
electrolyte, 93, 100, 159, 164, 233 
Jungner cells, 95 
nickel-cadmium cells, 95 
plate capacities, 238 
resistance, 331 
silver oxide cells, 100 
sintered plate cells, 98 
theory, 196 
train batteries, 376 
truck batteries, 388 

Alternating current, measurements, 62, 
327 


Alternating current, rectific.ation, 273 
regulation, 288 
Ammonia, 132, 133, 153, 345 
Ammonium sulfate process, 31, 37 
Ampere-hour, capacity, 84, 90, 97, 204, 
229, 391, 392 
efficiency, 285, 334 
equivalent coulombs, 207 
law, 244 
meters, 250, 284 

Antimony, ahoy with lead, 15, 16, 17, 
18 

c('lls free from, 135 
effect on charging voltage, 143, 144 
lead oxides, 23 
local action, 140, 142, 154 
properties, 15 
secondary lead, 14 
substitutes, 18 

sulfuric acid specification, 132 
tests, 345 

Arc, use in lead burning, 301 
Area of plates, pasted, 213 
Plante, 47 

Arsenic, alloy with lead, 20 
impurity in lead, 13, 14, 15 
impurity m lead oxides, 23 
impurity in sulfuric acid, 132, 133 
local action, 140, 142, 154 
tests, 345 
Arsine, 142, 262 
Assembly, after repair, 292, 300 
Edison cells, 90 
lead-acid cells, 70 
lead burning, 301 

Automotive starting and lighting bat- 
teries, 412, 416, 417 
care, 425 
cell, 72 

charged, wet or dry, 421 
charging system, 422 
connectors, 420 
local action, 420 
service, 423 
terminals, 419 
uncharged, 421 
Auxiliary electrodes, 234 
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Average voltages, 204, 215, 231, 258, 
259, 267, 268, 271, 336, 391, 392 

Barium sulfate, 24, 25 
Basswood, 51 
Battery, additives, 157 
assembly, 70 
definition, 8 
dry condition, 41, 421 
regulation, 285 
rooms, 289, 316 
types, 8 

Bauine scale, 120, 123, 126 
Bibliographies, 165, 203, 365, 379, 396 
403 , 410, 427, 432, 436 
Bismuth, 15, 140, 142 
Blanc fixe, 24, 32 
Booster batteries, 340 
Boosting (charge, 199, 253, 269 
Box negative plate, 28 
Brush, C. F., applied materials, 4 
Buckled plates, 304 
Bulk of paste, 30, 31, 32, 37 
Burning lead connections, 301 

Cadmium, alloy with lead, 20 
cells, 95, 202, 269, 403 
electrode, 235 

impurity in electrolyte, 139 
negative plate, 89 
potential, 171 
test readings, 39, 236, 238 
Calcium, grids, 19, 257, 355 
in water, 133 
potential, 171 
Capacity, 204 
active material, 207, 229 
amount of electrolyte, 114 
area of plates, 213 
calculated, 216 

concentration of electrolyte, 221 
determining factors, 206 
Edison plates, 90 
Edison batteries, 229 
hysteresis effect, 228, 233 
load-acid plates, 84, 211, 214, 223, 
233 
life, 228 

maximum, 209, 222 
per unit of weight, 211 
porosity, 225 

Peukert's equation, 216, 218 
plate capacities, 234 
rate of discharge, 214, 216, 230 
restoration, 155, 160, 233, 311 
successive discharges, 215 


Capacity, temperature, 42, 217, 218, 220, 
231 

temperature coefficient, 220, 221 
tests, 338 
theoretical, 211 
thickness of plates, 211 
Carbon dioxide, 161, 163 
Carbonates, 161, 163, 164, 165 
Car-lighting batteries, 372 
Casting grids, 27 
Causes of failure, 341 
Cedar, Alaska yellow, 52, 63 
Port Orford, 51, 52, 63 
Cells, assembly, 70, 300 
connections, 9, 10 
definitions, 8 
grouping, 9 
removal, 296 
simple form, 166 
types, 8 

Celluloid jars, 68 
Cellulose, 26, 54 
Ceramic cone, 82, 83, 359 
Charge, ainperc'-hour law, 244 
critical temperature, 243 
Edison batteries, 243, 245, 251, 253, 
265, 268 

final voltage, 205, 206, 217, 243 
finishing rate, 241, 242 
gassing, 261, 262 
iiidi(‘ators, 126 
lead batteries, 257, 260 
low temperatures, 219, 261, 425 
maximum voltage, 143 
nickc'l-cadmium batteries, 245, 246, 
250 

overcharge, 262, 303, 347 
plate potentials, 238 
reactions, 182, 200, 263 
specific gravity, 263 
temperature, 244, 259, 269, 283 
test fork, 268 
undercharge, 304 
voltage characteristics, 260, 283 
Charging equipment, 271 
ampere-hour meters, 284 
automatic^ 272 
circuits, 242, 247 
rectifiers, 273 
sectional panels, 273 
voltage relays, 283 
Charging methods, 240 
boosting, 253 
comparison, 264 

constant current, 240, 260, 264, 265, 
269 



Index 439 


Charging methods, constant-potential, 
246, 264 

equalizing charge, 252 
fast charges, 245, 253 
floating, 256, 408 

modified constant-potential, 246, 263, 
266 

record forms, 291, 293, 294 
step metliod, 245 
system governed, 257, 422, 428 
tapering current, 263 
two-rate charging, 250 
trickle charge, 255 
Chemical tests, 345 
Chlorides, 132, 133, 148, 152, 158 
Chlorine, 263, 345 
Closed track circuit, 360 
Cobalt, 153 

Coefiicient, capacity, 211 
resistivity, 161 
specific gravity, 123 
use of materials, 115 
Composition containers, 67 
Concentration of electrolyte, 131 
capacity, 221, 223, 233 
heat of reaction, 184, 186 
local action, 137, 138 
measurement, 123, 148 
negative plates, 223 
I)hysical properties, 106 
positive plates, 223 
rate of discharge, 223 
renewals (alkaline cells), 160, 164 
ilieTinochemical equations, 184 
voltage, 190, 192, 194 , 202 
Connections of cells, 9 
Connectors, 70, 93 
boring out, 296 
burning on, 301 
power loss, 390, 393 
puller, 296 

Containers, ceramic, 68 
composition, 67, 420 
covers, 65 
Edison cells, 91 
glass, 68, 350 
lead-lined tanks, 69 
plastic, 67, 68 
rubber, 65, 349, 420 
tests, 349 

Contraction of solutions, 108 
Copper, 14, 18, 23, 132, 133, 139, 140, 
141, 154, 158, 171 
Corrosion, grids, 17, 311 
overcharge, 303 
terminals, 305, 419 


Countcrelectromotive force, 241, 274, 
288, 321 

cells, 131, 286, 362 
Covers, 65, 06 

Critical temperatures, acid cells, 243, 
425 

alkaline cells, 231 
Curing [lasted plates, 34 
Current, duection, 173 
local action, 141 
ratings, 204 

vaiiation of cajiacity, 214 
Cyclic process, 188 
Cypress, 51, 52, 55, 63 

Daniell cell, 166, 169, 170, 172, 173 
Density, alloy of lead and antimony, 16 
apparent density of oxides, 23 
conv'crsioTi facdc'rs, 121 
lead, 13 

lead comiiounds, 43 
solutions of sulfuric acid, 123 
true d('nsilios of oxides, 24 
Diamond grid, 28 
Diesel Cl miking batteries, 306 
comparison with gasoline engine 
starting, 397 

lead-acid batteries, 401, 402 
locomotives, 372 

nickel-cadmium batteries, 403, 405 
starting r(‘(}uircments, 400 
temperature, 401 
Diffusion, 227 

Discharge, acid consumption, 114 
alkaline cells, 200, 265 
average voltage, 259, 266 
capacity, 206, 229 
current and time, 216 
deep discharges, 252 
lOdison batteries, 265, 267 
final voltage, 205, 215, 217, 231. 267, 
271, 339 

knee of curve, 259, 268 
lead batteries, 257 
nickel-cadmium batteries, 269 
plate characteristics, 215, 230 
plate potentials, 236 
rate, 214, 230, 339 
secondary reactions, 201 
specific gravity, 260 
temperature, 259, 265, 340 
voltage characteristics, 257, 267 
watt output, 402 
Dismantling lead batteries, 292 
Distilled water, 131, 133 
Diverter pole generator, 272 
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Double-chamber cells, 70, 315, 429 
Double-sulfate theory, 174, 175, 176, 
178 

Douglas fir, 51, 63 
Dry cells, 8, 10 
Dry charged plates, 41 
Drying plates, 34, 35, 38 

Early experimenters, 1 
Early installations, 6 
Edison batteries, 85 
assembly, 90 
boosting, 254 
capacity, 93, 229, 392 
charging, 243, 251, 265 
discharging, 265 
efficiency, 335 
electrolyte, 93, 159, 164 
final voltages, 206, 231, 267 
floating, 257 
grids, 87, 88 
invention, 7 
loss of capacity, 233 
miner’s lamps, 433 
negative plates, 89 
plate potentials, 238 
pockets for negative plates, 89 
Iiositive plates, 85 

railway car lighting and air condi- 
tioning, 377 
rate of discharge, 230 
reactions, 200 
resistance, 331 
sizes and types, 93 
temperature, 199, 231, 268 
theory, 196 
trickle charge, 255 
truck batteries, 392 
tubes for positive plates, 86, 87 
ventilated compartments, 232 
Effect of impurities, 131, 138, 139, 145, 
147, 163 
Efficiency, 332 
adjustment of meters, 285 
ampere-hour, 334 
formation, 45 
short cycles, 337 
tests, 348 
volt, 336 
watt-hour, 336 

Electrochemical equivalents, 43, 44, 114, 
117, 207, 229 

Electrochemical series, 170 
Electrode potentials, 171, 181, 237 
Electrolyte, acid, 103 (see also Sulfuric 
acid solutions) 


Electrolyte, additives, 157 
adjusting specific gravity, 253 
calculation of amount, 115, 116 
choice of specific gravities, 130 
concentration, 183, 222, 223 
consumption, 176, 178 
effect of impurities, 130, 145, 147, 309 
electrochemical equivalent, 114, 117 
failure to “dry up,” 114 
freezing. 111, 219, 221, 309 
Liebenow’s experiment, 222 
maximum capacity, 222 
preparation, 128 

solidified electrolyte, 155 I 

specific gravity, 120, 123, 129, lio, 
260, 263 \ 

temperature, 223 \ 

tests, 344 \ 

Electrolyte, alkaline, 159 (see also Po^ 
tassium hydroxide) \ 

(Titical temperature, 232 
Edison cells, 93, 159 
effect of impurities, 163, 164 
freezing points, 162 
lithium hydroxide, 159 
nickel-cadmium cells, 164 
jiotassium hydroxide, 161 
properties, 161 
renewal, 159 
resistivity, 162 
silver oxide cells, 100 
Electromotive force, 10, 186 
PJdison cells, 198 
lead-acid cells, 181, 190, 192 
temperature coefficient, 188, 193, 194, 
195 

Electrons, 166, 167 
Element of a cell, 70, 298 
lOIementary theory, 166 
PJmergency lighting, 410 
End cells, 285 
End osmosis, 227 
Energy, capacity, 204 
efficiency, 332, 348 
space and weight, 211 
transformation of, 4, 8, 166, 183 
Equalizing charge, 252 
Patching reagents, 17 
Eutectic, lead and antimony, 16 
P>aporation, 113, 426 
Exide-Ironclad battery, 28, 60, 75, 76, 
376, 389, 391 
Expanders, 24, 25, 26 
Explosions, gases, 262, 315 
Explosion-proof vents, 82, 358, 359, 
360 
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Factors determining capacity, 206 
Faraday constant, 174 
Faraday’s law, 43, 114, 168, 173 204 
207 

Fast chargers, 245, 253 
Faure’s process, 4, 6 
Fick’s law, 227 
Final voltage, 205 
charge, 241, 243 
discharge, 206, 215, 217 
Edison cells, 206, 231, 267 
tests, 339 

First installations, 6 
Five-second voltage test, 346 
Flat pasted plates, 71 
Floating batteries, calcium grids, 19 
257 

conditions, 191, 256, 282 
railway signal batteries, 368 
switch -gear control, 408 
telephone, 360 
Flote cell, 28, 73 
Formation, agents, 50 
assembled elements, 40 
chloride plates, 46 
dry charged, 40, 41 
foaming, 39 
gassing, 45 

one-step formation, 40 
pasted plates, 4, 37 
Plante plates, 3, 48 
potential relations, 39, 45 
tank formation, 40 
temperature effects, 41, 42 
two-step formation, 41 
ventilation, 84 

Freezing, acid electrolyte, 110, 219, 221 
alkaline electrolyte, 161 
effects, 309 

Gassing, alkaline cells, 199, 267 
carbon dioxide, 262 
chlorine, 263 
explosions, 315 
formation, 39, 44, 45 
tinishing rate, 241 
hydrogen and oxygen, 262 
lead cells, 261 
method of charge, 264 
Gas vents, ceramic cone, 83, 358 
Edison cells, 92 
explosion-proof, 358, 359, 360 
hinged vents, 69, 378 
non-spill, 70, 430 
vent plugs, 69 

Gibbs-Helmholtz equation, 186 


Glass, jars, 68 
mats, 51, 55, 59, 77 
retainers, 59 
Grids, casting, 27 
corrosion, 28, 311 
early types, 4, 5 
effect on potentials, 144 
lead alloys, 15, 27 
modern types, 27, 28 
plated, 20 
punched, 30 
reinforced, 73 
substitutes, 30 
Grouping, batteries, 273 
cells, 9 
plates, 70 

Hardeners. 37 
Hardness, lead alloys, 16 
Hazards in manufacture, 83 
Heat effects, diluting sulfuric acid, 106 
formation, 184 

irreversible and reversible, 193 
reactions, 184, 187 
Historical development, 1, 352 
Hydrochloric acid, 148, 152 
Hydrogen, 200, 261, 267 
electrode, 170 

explosive mixture, 262, 290, 316 
local action, 139, 143, 154 
nickel-cadmium cells, 164 
polarization, 166 
use in manufacture, 85, 89 
Hydrometers, 122, 125, 127, 163 
Hysteresis (capacity measurements), 
228 

Impurities in electrolyte, 309 
effect on plates, 139, 145, 147 
effect on separators, 306 
grid corrosion, 312 
limits, 131 
tests, 344 

Industry, growth and statistics, 6, 7, 

8 , 12 

Installation, 289 

Intermittent discharge, 205, 215 
Internal resistance, 10, 318, 331 
Introduction, 1 
Ions, 166, 171, 173, 179, 181 
exchange resins, 134 
Iron, Edison cells, 89, 163 
impurities in electrolyte, 147-150, 153 
in sulfuric acid, 132 
in water, 133 

nickel-cadmium cells, 95, 202 
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Iron, potential, 171 
tests, 345 

Jars, broken, 305 
ceramic, 68 
glass, 68 
rubber, 65 

Jelly electrolyte, 156 
Jimgner cell, 89, 202 

Kathanodc battery, 77, 78, 391 
Kilogram caloric, 107 
Krypton in bul})s of mint'i’s lamps, 
433 

Latex, 56 
Lead, 12 
analysis, 13 

antimony alloy, 4, 15-18 
burning, 301 
calcium alloy, 18, 10 
chloride, 37,* 43, 14 
electrochemical equivalenl, 45 
grades of pig h'ad, 14 
lined tanks, 69 
miscellaneous alloys, 20 
oxides (see lead oxides) 
poisoning, 83 
potential, 171 
reactions, 175 
secondary lead, 12, 14 
sulfate, 30-39, 41-16, 49, 135, 138, 139, 
142, 150, 151, 155, 157, 175, 180- 
183, 310 

Lead oxides, acid absorption, 24 
Barton, 22, 31 
bhuiding, 30 
density, 23, 24 
dioxide, 22, 180, 312, 324 
fineness, 23 
fume, 22 
gram weight, 21 
litharge, 21, 31, 35, 43, 44 
properties, 23 
purity, 23 
red lead, 21 

uncalcined oxide, 22, 31, 32, 34, 35 
Tjiebenow’s experiment, 222 
Life, capacity, 228 
end of service, 307 
plates, 228, 233 
tests, 346 

Lithium hydroxide, 85, 93, 159, 161, 162 
Local action, 134 
alkaline cells, 163 
automotive batteries, 420 


Local action, calcium grids, 19 
effect of impurities, 138, 140, 147, 154 
gases, 154 

positive plates, 137 
silver oxide cells, 102 
Locomotive batteries, 372 
Low-discharge cells, 80 
Low temperature effects, capacity, 42, 
219-221, 224, 225 
charging, 218, 261, 425 
formation, 41 
freezing, 110, 111, 112, 161 
separators, 64 

tests, 316 I 

Magnesium sulfate, 31, 37, 46, 157 \ 

Manchester iiositive plate, 28, 48, 74 \ 
Mancliex cell, 74, 358 ^ 

Manganese, 132, 133, 148, 151, 158, 1711 
345 

Marine applications, 379 
M(‘lting points, lead ahoys, 16 
Melting pots, 29, 83 
Mercurous sulfate electrodes, 235 
Mercury, 89, 154, 171 
Methods of manufacture, 12 
Microporoiis separators, 56 
Mine lamp batteries, 432 
Edison (alkaline type), 433 
Wheat (acid ty])e), 435 
Modified constant-potential charge, 
246, 249, 251, 266 
Molds, 27, 29 

Motor coacJi batteries, 416, 417 

>Tational Academy of Science Report, 
158 

Negative plates, 32, 37, 38, 40 
box type, 28 
dry charged, 41, 421 
Edison plates, 89 
effect of temperature, 42, 223 
expanders, 24 
formation, 42 

local action, 19, 134, 140, 148 
Plante plales, 50 
shrinkage, 315" 

Nickel, oarlionyl, 98 
expander, 26 
flake, 86 

hydroxide (-ous), 85, 86, (-ic), 95 
oxides, 196 
potential, 171 

Nickel-cadmium cells, 7, 12, 95, 98, 202, 
269, 331 

Nickel-iron cells (see Edison batteries) 
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Nitrates, 132, 133, 140, 144, 158 
Nitric acid, 50 

Ohm’s law, 11, 171, 318 
Open circuit voltage (see Elcctromo- 
live force) 

Operating conditions, 289 
care of battery rooms, 289 
costs of operation, 292 
insulation, 290 
record forms, 290, 291, 293 
safety code requirements, 289 
ventilation, 289 

Operation, 240 (see also Charge, Charg- 
ing eciuipment, Charging meth- 
ods, Discharge) 

Ores, antimony, 15 
lead, 13 

Organic expanders, 24, 26 
Organic materials, 132, 133, 145 
Overvoltage, 139, 142, 153 
Oxidation-reduction processes, 43, 44 
couples, 181 

Oxides, lead (see Lead oxides) 
nickel, 196 
silver, 101 

Oxygen, 44, 49, 101, 154, 171, 262 

Parallel connections, 9, 10 
Pasted plates, 71 
dry charged, 41 
Faure’s process, 4 
formation, 37 
grids, 27 

modern processes, 30 
reactions, 30 
Pasting process, 30 
applying the paste, 33 
basic sulfates, 32, 33 
bulk of paste, 30 
carbonates, 34 
composition of paste, 32 
consistency, 31, 32 
curing pasted plates, 34, 35 
dipping, 35, 36 
drying, 35 
formation, 37 
gram-weight of paste, 30 
materials, 31, 35, 36 
mixing, 32 
soaking, 35, 36 
wet process, 36 
Poet strap, 70 

Plants, G., first storage battery, 2, 3 
Plante cells, 74, 79, 80 
Plante plates, C.P. process, 79 


Plante plates, formation, 48, 79 
growth, 314 

Manchester positive, 48 
oxygen fixation, 49 
Tudor positive, 48 
Plastic case, 82 
Plates, area, 213 
capacities, 233 
early types, 2, 4, 5 
Edison, 85, 89. 90 
Ironclad, 75, 76 
Kathaiu’^de, 77 
low-discharge tyi>e. 80 
reactions. 179 
pasted, 27. 71 
Plante, 46. 74, 79 
potentials, 144, 181, 236 
previous condition, 228, 233 
porosity, 225 
silver oxide, 100 
sintered, 98 
sizes, 82, 90 
statistics, 8 

Platinum, 105, 132, 133, 139, 140, 171 
l^orosity, 225 
agents, 37 

changes during formation, 43 
separators, 56, 57, 58 
retainers, 55 
Port Orford cedar, 51 
substitutes, 52 

Positive plates, alkaline cells, 85, 95, 
102 (see also Plates) 

C.P. positive, 79 

dry state, 41, 46 

effect of impurities, 145, 147 

Manchester plate, 48, 74 

jiaste, 32 

potentials, 45, 181 

Potassium hydroxide, 85, 93, 100, 160, 
161, 162 

Potentials, difference.s, 168 
electrode, 171 
equilibrium, 180 
oxidation-reduction, 181 
Present-day uses for storage batteries, 
351 

Primary cells, 8 
Purity of electrolyte, 131 

Quantity of electricity, 114 

Railway batteries, 365 

car lighting and air conditioning, 372 
locomotive, 371, 372 
signaling, 365 
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Railway batteries, track, 365, 367 
Rate of discharge, 214, 230 
Rating methods, 204, 229, 270 
Reactions, cadmium batteries, 202 
charge, 182 
discharge, 179 
formation, 44 
lead-acid cells, 174 
nickel-iron cells, 196 
pasting process, 30 
plates, 179 
theory, 166, 175 
Reagent for lead, 182 
Record forms, 291, 294 
Rectifiers, 273 
Red lead, 21, 31, 32, 43, 44 
Redwood, 51, 53, 63 
Regulation, 285 

Renewal of electrolyte, 159, 164 
Repair, 292 
Resistance, 318 
Edison cells, 331 
factors affecting, 323 
intercell connectors, 70, 390 
maximum power, 321, 322 
methods of measuring, 325 
separators, 60 
various sizes of cells, 323 
Resistivity, antimony, 15 
lead, 13 
lead alloys, 16 
lead dioxide, 324 

potassium hydroxide solutions, 161 
sulfuric acid solutions, 109 
Retainers, envelopes, 77 
glass, 59 
rubber, 55 
Reversal, 304, 312 
Rubber, (containers, 65 
jars, 65 
retainers, 65 
separators, 56 

Safety code, 289 
Scott volumeter, 23 
Sealing cells, compound, 67 
Edison cells, 92 
lead cells, 67 

sealing nuts, 66, 67, 70, 296 
terminals, 66 
Secondary lead, 14 
Selenium, 132 
Separators, 51 
breaking strength, 63 
breakdown, 306 
cellulose, 54 


Separators, cornigations, 52 
Darak, 58 
Durapor, 77 

effect of acid on wood, 64 
Edison cells, 90 
extracts, 147 
Fibrite, 53 
flat, 60 

glass mats, 58, 59 
lignin, 54 
microporous, 56 
Mipor, 76 
Poralite, 58 
J*ormax, 58 
resistance, 60-64 
retainers, 55 
Slyver mats, 59 
treatment, 54 
volatile acids, 63 
Series connections, 9, 10 
vSilicic acid, 155 
Silver, 14, 18, 23, 140, 141 
Silver oxide batteries, 7, 12, 100 
Soaking process, 36 
Sodium, bichromate, 140 
hydroxide, 93 
silicate, 155 
sulfate, 157 
Solid electrolyte, 155 
Sources of trouble, 303 
failure on test, 341 
Specific gravity, 120 
charge, 263 
discharge, 260 
Edison cells, 160 
hydrometers, 122 
lead-acid cells, 130 
nickel-cadmium cells, 164 
Specifications for electrolyte, 132 
Starter systems, aircraft, 428 
automotive, 412 
Diesel, 396 

Starting and lighting batteries, 412 
charged and dry, 421 
charged and wet, 420 
local action, 420 
standard assembliesr 417 
terminals, 419 
Statistics of manufacture, 8 
Stibine, 142, 143, 262 
Storage of cells, Edison type, 233 
lead-acid type, 255 
nickel-cadmium type, 271 
silver oxide cells, 102 
Sulfation, 310 
negative plates, 137 
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Sulfation, positive plates, 138 
rate, 136, 137 
reduction, 155 
undercharging, 304 
water treatment, 311 
Sulfuric acid, 103 
Sulfuric acid solutions, 106 
ampere-hour equivalents, 116 
changing specific gravity, 129 
contraction, 108, 115 
dissociation, 180 
freezing, 110, 111, 219, 221 
heat content, 107 
heat of dilution, 106 
measurement, 120-127 
mixtures with water, 107-108 
molal heat content, 185 
properties, 106 
resistivity, 109, 110, 219 
soaking plates, 36 
specific heat, 107 
specification, 131 
vapor pressure, 112 
viscosity, 119, 220 
Sulfurous acid, 132, 140 
Superitc, 36 

Tank cells, 82 
Tanks, forming, 37, 38, 40 
lead-lined, 69 
Telephone batteries, 351 
calcium-grid cells, 358, 359 
counter cells, 131, 286, 362 
early equipment, 353 
explosion-proof cells, 358, 359 
operating routines, 360 
power supplies, 355 
private branch exchanges, 363 
Tellurium, 20 

Temperature effects, capacity, 217, 220, 
223 

charge, 243, 244, 268, 269 
coefficient, 220, 221 
diffusion, 227 
discharge, 259 
Edison cells, 232 
electromotive force, 186, 192 
efficiency, 334 
formation, 41 

freezing electrolyte, 110, 161, 219, 221 

local action, 134, 420 

plates, 223 

resistivity, 110, 161 

separators, 55, 64 

specific gravity measurements, 121, 
123 


Temperature effects, sulfation, 311 
tests, 340, 346 
vapor pressure, 112 
viscosity, 221 

Tensile strength, case material, 350 
lead alloys, 16 
Terminals, 70 
corrosion, 305 
Edison cells, 93 
lead-acid cells, 66, 67, 70, 419 
Testing, 338 
accuracy, 340 
capacity, 338 

container material, 349, 350 
causes of failure, 341 
efficiency, 348 
equipment, 343 
final voltage, 339 
intercell connectors, 349 
pitfalls encountered, 42 
purity of electrolyte, 344 
retention of charge, 342 
S.A.E. standards and life test, 346, 347 
temperature effects, 340, 346 
vibration test, 344 
voltage tests, 348 
Theory, 166 

double-sulfate theory, 174 
electromotive force, 186 
energy transformations, 183 
lead-acid cells, 174 
nickel-cadmium cells, 202 
nickel-iron cells, 196 
thermodynamics, 187 
Thompson classifier, 23 
Time ratings, 204 
Tin, 14, 15, 18, 140 
Transistor, 355 
Trays, Edison, 93 
nickel-cadmium, 97, 99 
Treatment of separators, 54 
“Trees,” 20, 51, 306 
Trouble, sources of, 303 
Truck batteries, 383 
Edison, 389 
Exide-Ironclad, 389 
operating data, 391-394 
Tudor plate, 48 
Tungsten, 140, 153, 154 
Twaddell scale, 120, 123, 126 

Uncharged batteries, 421 
Undercharging, 304 
Uses for batteries, 351 


Valves, Edison cells, 92 
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Valves, rectifiers, 273 
Vapor pressure, sulfuric acid, 112 
Ventilation, battery compartments, 232 
melting pots, 29 
rooms, 289 
Vent plugs, 69 
ceramic cone, 83, 358 
explosion-proof, 358, 359 
fill indicators, 69 
hinged, 69, 376 
non-spill, 70, 430, 435 
stand-pipe typo, 315, 429 
Volta, Alessandro, 1 
Voltage (sec Charge, Discharge, types 
of colls, Operation), connections 
of cells, 9, 10 
relays, 283 
theory, 166 

Water, 102, 131, 133, 160 
formed on discharge, 178 
glass, 156 

treatment for sulfation, 155, 311 
Watt-hour, capacity, 204 


Watt-hour, efficiency, 332, 336 
Wet storage, 255 
Wheat mine lamp battery, 435 
Willard low-discharge cell, 80, 81 
Wood, acetic acid, 54, 145, 146 
cellulose, 53 
separators, 51 
treatment, 54 

X-ray determinations, 33, 175, 176 

Vardney cells, 101, 102 

Zeolites, 134 
Zinc, electrode, 166 
effect as an impurity, 154 
elementary cell, 166 
in electrolyte, 154 
in lead oxides, 23 
in pig lead, 14 
potential, 171 
silver cells, 100 
sulfate, 167 

sulfuric acid specification, 132 




